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FOREWORD 


ThU  report  was  praptrcd  for  the  Air  Force  Flight  Dynmlca 
Leboratory  of  the  Reaearch  and  Technology  Dlvlalon,  Air  Force 
Systema  Conmand,  Vrlght-Patteraon  Air  Force  Base,  Ohio  by 
Astrosystens  International,  Inc.,  Fairfield,  New  Jersey  under 
Contract  No.  AP  33(615)-1614;  Project  822A,  "Propulsion  and 
Auxiliary  Systems  Instrumentation  for  Flight  Control  Purposes'* 
Task  822405,  "Propulsion  Parameter  Measurement  Technology". 

The  work  was  administered  by  the  Flight  Dynamics  Laboratory; 
Mr.  D.  A.  Shunway  was  Project  Engineer.  The  manuscrlnt  was 
released  by  the  author  10  October  1964  for  publication  as  an 
R  &  D  Technical  Report. 

These  studies  were  made  by  the  Research  Division  of  Astro- 
systems  International,  Inc.  under  the  direction  of  Robert  F. 
Strauss,  Director.  The  major  contributors  to  this  study  and 
their  fields  of  competency  were: 

John  Gordon  -  Thennochemlstry 
Marvin  Hauptraan  -  Spectroscopy 
Charles  Sage  -  Systems  Analysis 
Allen  Schwalb  -  Gas  Dynamics 

This  report  summarizes  all  work  conducted  during  the 
period  10  April  to  10  August  1964.  The  contractor's  report 
number  Is  TR  64001F. 


ABSTRACT 


An  analytical  Investigation  was  conducted  to  study  the  emission 
spectra  of  the  eschauet  stream  of  selected  rocket  engine  liquid  propel¬ 
lant  combinations  to  determine  the  feasibility  of  detecting  exhaust  specie 
spectra  as  a  measure  of  various  propulsion  system  characteristics. 

The  propellants  selected  for  analysis  were  oxygen/ hydrogen, 
oxygen/ itjp- 1  and  nitrogen  ♦e»’-c:;id.''/unqymmpt-ical  dlmethvlhydr*»7<n^ 
as  being  most  representative.  A  rocket  engine  for  test  was  designed 
having  a  chamber  pressure  of  50-100  psia  and  a  flow  rate  of  0.  i  gm/sec. 
Calculations  of  signal  strength  with  mixture  ratio  were  made  and  the 
species  OH,  NH,  CO  and  NO  found  to  be  of  most  interest. 

Ii  was  determined  that  mixture  ratio  variations  and  flow  rate 
variations  could  be  separately  detected.  A  system  for  detecting  incip¬ 
ient  burnout  by  monitoring  metallic  oxide  emissions  and  instability  by 
intensity  frequency  pattern  variations  was  presented.  A  flight  weight 
system  was  shown  to  be  feasible. 

Recomm.encutlons  were  made  to  conduct  an  experimental  pro¬ 
gram  using  N2O4/UDMH  propellants  to  study  the  variation  of  the  OH, 

CH,  CHO,  CN,  C2.  H2O  and  CO2  species  with  mixture  ratio  a‘  constant 
flow  and  with  total  flow  at  constant  mixture  ratio.  Burnout  and  instability 
tests  were  also  recommended  as  well  as  a  prototype  detector  design 
based  upon  the  recommiended  experimental  studies. 


This  technical  report  has  been  reviewed  and  is  approved. 


Colonel,  USAF 

Chief,  Flight  Control  Dlvlr' 
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SECTION  1 
INTRODUCTION 


This  report  presents  the  results  of  an  analytical  investigation  of  the 
esdssion  spectra  of  the  exhaust  stream  of  selected  rocket  engine  liquid  pro¬ 
pellant  combinations  to  determine  the  feasibility  of  detecting  these  spectra 
as  a  measure  of  various  propulsion  system  performance  characteristics.  The 
goals  of  this  analysis  were  as  follows: 

A.  Problem  Definitlen»  including:  need,  background  infonsatlon  and 
potential . 

B«  Propellants  Analysis,  including:  selection  of  combinations  to  be 
studied  and  theoretical  emission  wavelengths  of  selected  systems. 

C.  Signal  Analysis,  including:  theoretical  emission  intensity  of 
selected  wavelengths  and  sensitivity  of  detecting  instrumentation. 

D.  Rocket  Engine  Analysis,  including:  design  of  engine  to  provide 
signal  strength  compatible  with  volumetric  capacity  of  vacuum 
facility  to  be  used  for  testing  and  calculation  of  instrumentation 
response  to  anticipated  emission  intensity. 

E.  Mixture  Ratio  Analysis,  including:  calculation  of  the  relationship 
between  mixture  ratio  and  plume  emission  and  applicability  of 
seeding. 

F.  Exit  Plane  Gas  Temperature  Analysis,  including:  calculation  of  Che 
relationship  between  ozzle  exit  plane  gas  temperature  and  plume 
emission  and  the  relationship  between  mixture  ratio  and  temperature. 

G.  Malfunction  Analysis,  including:  the  feasibility  of  detecting 
metals  and  oxides  quantitatively,  applicability  of  "signal” 
coatings  and  the  feasibility  of  detecting  combustion  instability. 

H.  Flight  Systems  Analysis,  including:  possible  configuration  and 
parameters  best  monitored  as  determined  from  prellmiuary  analysis. 

The  need  for  new  methods  of  measuring  chemical  rocket  engine  operating 
parameters,  as  opposed  to  the  force  reaction  measurements  made  during  ground 
test,  is  apparent  for  in-flight  monitoring  and  control  of  space  vehicle 
propulsion  systems.  Past  studies  utilizing  probes  and  similar  devices 
inserted  into  the  exhaust  gas  stream  have  distorted  the  gas  flow  causing 
uncharacteristic  stream  property  measurements.  But  If  accurate  rocket  engine 
performance  measurements  are  to  be  made  which  do  not  rely  on  the  assumption 
of  constant  throat  area  or  thrust  coefficient,  or  upon  heavy  liquid  flow 
meters  or  ground  designed  devices,  performance  observations  must  be  based  upon 
exhaust  stream  properties. 

One  of  the  most  promising  methods  of  obtaining  stream  properties  without 
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th«  tts«  of  •  goa  atraaa  dlatuiblng  daviea  it  hj  apaeeroaoople  aaalptta  af 
tha  rockat  aidtauat  itracB  cooatltoanta.  Faat  aitparlanca  by  AatroayiitaM  In 
tha  conduct  of  high  altitude  rockat  plum  •tudlti  In  the  ultraTlolat,  alalbla 
and  Infrared  vavelangtha,  haa  revealed  that  a  definite  relatlenahip  axiata 
batveant  propallante  nixtura  ratio  and  axhauat  oonatituanta  anlaaion-band 
intanaity,  coid>uation  teeparatura  and  aidiauat  conatituanta  aniaalon-band 
intanaity,  and  incipiant  chmbar  vail  oxidation  and  trace  mtal  oxide  oonta*- 
inanta  in  tha  axhauat  gaa  eonpoaition. 

Baaed  upon  tha  analyaia  praaantad  herein,  and  the  abova-mntionad  data» 
it  aearn  highly  probable  that  aaaential  conditlona  of  rockat  angina  parfona- 
anL  r  *t»n  be  datenainad  apactrally  thereby  pemitting  an  accurate  cooputation 
to  be  moa  overall  engine  efficiency.  Thia  would  appear  to  be  aapacially 
valuable  for  axaapla,  in  pulaad  angina  operation  in  rendezvous  or  inter- 
orbital  tranafar  where  conventional  inatruraentation  auffera  fron  lack  of 
rapid  raaponaa*  In  addition,  analyaia  by  the  aubject  neana  can  serve  vary 
affectively  in  tha  prevention  of  major  malfun'^tiona  through  the  innadlata 
detection  of  combuatlon  component  failure.  If  automatic  ahutdo%m  la  initiated 
by  apectral  algnala,  than  it  ahould  be  poasible  to  repair  tha  rockat  angina 
and  make  it  uaaful  again  before  it  causes  major  destruction  which  may  abort 
tha  mission. 

Zt  was  tha  purpose  of  this  program  to  illustrate  tha  feasibility  of 
obtaining  propellant  mixture  ratio  and  combustion  temperature  by  spectro¬ 
scopic  techniques,  as  well  as  providing  a  means  for  tha  detection  of 
combustion  chaiiber  oxidation  and/or  combustion  instabilities. 
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SECTION  2 

PROPELLANTS  ANALYSIS 


It  is  the  purpose  of  thle  program  to  illustrate  the  feaslhllity  of  ob¬ 
taining  rocket  engine  propellant  mixture  ratio  and  combustion  temperature  by 
spectroscopic  analysis  of  the  combustion  stream  properties,  and  ts  provide  a 
means  for  the  detection  of  combustion  chamber  oxidation  and/or  c.mbustion 
instability. 

In  order  to  initiate  this  analysis  propellant  combinations  were  selected 
based  on  their  probable  applicability  to  the  sublect  technique.  These  pro¬ 
pellants  were  then  theoretically  analyzed  to  determine  their  thermodynamic 
characteristics  and  the  molecular  makeup  of  their  combustion  gases.  In  sosm 
cases  the  required  thermodynamic  data  was  not  available  in  the  open  literature, 
primarily  because  a  thorough  mixture  ratio  analysis  suitable  to  the  purposes 
of  this  program  had  not  been  previously  conducted.  The  thermodynamic  Informa¬ 
tion  was  then  used  as  a  basis  for  selecting  the  emission  that  could  be 
expected  from  these  gases  in  the  ultraviolet,  visible  and  Infrared  wavelength 
regions. 


A.  SELECTION 

A  number  of  space  propulsion  systems  were  reviewed  to  determine  the 
propellants  generally  being  considered  for  application  and  their  probably 
operating  combustion  pressure.  Reference  (1),  a  general  survey  of  propulsion 
requirements  for  future  space  missions.  Indicated  a  preference  for  liquid  oxygen 
(LO2) /liquid  hy  .«;ogen  (LH2)  at  chamber  pressures  of  20  to  200  psla  and 
nitrogen  tetroxlde  (N204)/507  unsynnetrlcal  dlmethylhydrarlne  (UW!H)-50t 
hydrazine  (50-50)  at  the  same  chamber  pressures.  A  later  study^  considered 
the  same  two  propellant  con^inatlons  as  those  most  likely  to  be  used  in  space 
vehicles,  but  narrowed  the  probable  operating  chamber  pressures  to  50  psla 
for  LO2/LH2  and  80  to  110  psla  for  N2O4/5O-5O. 

Regarding  systems  currently  under  development,  the  "Surveyor”  vernier 
propulsion  engine  operates  on  90X  N2O4-IO5;  nitrous  oxlde/monomethylhydraxlne 
at  170  psla  chamber  pressure^;  the  Maneuvering  Satellite  propulsion  systems 
currently  under  development  at  Bell  Aerosvstema  for  Edwards  AFB  operates  on 
N2O4/5O-5O  at  a  mixture  ratio  of  2.1:1  and  a  chamber  pressure  of  65  psla. 

Testing  at  reduced  chamber  pressures  (to  45  nsla)  however  show  little 
degradation  In  performance** .  The  Gemini  Lunar  Excursion  Module  reaction  con¬ 
trol  system  under  development  for  NASA  Manned  Spaceflight  Center  operates  on 
the  same  propellants  at  a  mixture  ratio  of  2:1  and  a  chamher  pressure  some¬ 
what  less  than  100  psla.  Practical  considerations  to  date  have  prevented  the 
attainment  of  higher  chamber  pressure  at  near  optimum  mixture  ratio. 

Based  upon  the  above.  It  was  decided  to  select  LO2/LH2,  N2O4/UDMH  (as 
chemically  and  spectroscopically  renresentatlve  of  all  the  various  hydrazine 
blends)  and  lO^/RP-l  which  Is  representative  of  most  booster  rocket  systems. 

From  a  practical  viewpoint  It  appears  that  chaifiber  pressure  values  for  most 
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•pace  propulsion  aystoas  will  bo  loss  than  100  pslo.  Honco,  thonochoaleal 
onolysos  of  tho  soloetod  propollonts  woro  «udo  at  roducod  ehandsor  prossuroa. 

B.  METHOD  OF  ANALYSIS 

In  ordor  to  conduct  cheraodynaadc  analyses  of  the  soloetod  propellant 
coBibinations  a  dotersdnation  aust  first  bo  made  as  to  tho  probable  condition 
of  tho  exhaust  gases  In  the  rocket  nossle;  l.e.,  does  the  chemical  reaction 
condition  awst  nearly  approach  equilibrium,  or  does  the  reaction  cease  and 
the  composition  remain  frosen?  This  question  has  never  been  ansvwred  anal¬ 
ytically  for  flows  of  more  than  one  chemical  system,  because  as  explained 
in  Reference  5: 

"There  is  a  very  serious  shortage  of  the  chemical  kinetic  data 
which  Is  essential  for  the  solution  of  non-equi librium  nozzle 
flow  problems.  Accurate  data  Is  coespletely  lacking  for  the 
majority  of  reactions  which  are  likely  to  occur,  and  resort  must 
be  made  to  order-of-magnltude  guesses  and  extrapolations  over 
large  temperature  ranges". 

Actual  testing  of  space  application  engines  shows,  however,  that  the 
typically  large  area  ratios  and  low  chamber  pressures  of  these  engines  results 
In  performance  much  closer  to  theoretical  frozen  than  theoretical  equilibrium^. 
Internal  NASA  documents^  support  this  view.  It  was,  therefore,  decided  to 
conduct  frozen  analyses  as  being  most  representative  of  actual  current  con¬ 
ditions. 

The  requisite  thermochemical  calculations  were  then  obtained  employing 
existing  computer  programs.  Species  and  temperature  calculations  for  LO2/LH2 
as  detailed  In  Table  I  (following)  were  caken  from  the  reference  cited  there¬ 
on  (NASA  Memo  5-21-59E),  These  calculations  were  conducted  on  an  IBM  7090 
computer,  and  the  program  employed  for  these  thermochemical  calculations  Is 
described  In  Huff,  Gordon  &  Morrell  NACA  Report  1037  (1951).  The  LO2/RP-I 
data  (Tabic  2)  was  calculated  for  As trosvs terns  in  October  1961  under  company 
sponsorship  by  the  IBM  Service  Bureau  using  an  IBM  7090,  The  program  employed 
Is  described  In  G.  S.  Bahn,  "Kinetics  Equilibrium  and  Performance  of  High 
Temperature  Systems",  2nd  Conf.,  1962,  Gordon  &  Breach  Pub.,  1963,  pp.  261- 
270, 


The  thermochemical  calculations  for  N20t./in)MH  applicable  to  this  program 
were  not  available  in  the  literature  and  were,  therefore,  calculated  during 
the  course  of  the  work  reported  herein.  These  calculations  were  conducted 
at  Thlokol  Chemical  Corporation  using  a  COC  Bendix  C-20  computar.  No  report 
reference  exists  for  this  particular  program  but  the  approach  and  equations 
solved  era  essentially  tha  sane  as  referenced  above  (Huff  et  el).  The  only 
Input  data  raquirad  for  a  calculation  were  the  assigned  chmsber  and  exhaust 
pressures,  the  elementsl  composition  of  each  propellant  ingredient,  its  heat 
of  formation  and  mass  used;  s  selection  of  either  frozen  or  equilibrium 
exps..sion;  and  rough  guassas  for  the  chamber  and  exhaust  temperatures.  A 
sample  calculation  as  printed  by  this  computer  it  shown  In  Annendix  A.  It  la 
possible  to  iteratively  converge  toward  a  desired  nozzle  expansion  area  ratio 
with  this  program,  but  this  procedure  It  laborious.  It  is  usually  more 
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TABLE  1 

THEORETICAL  PERFORMANCE  OF  OXYGEN/HYI«OGBW 
(  Frozen  Flow,  Pc  =  6o  E'sia) 
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«orthwhll«  to  obtain  anawars  at  thraa  to  fiva  aaflgnad  axhaoat  praaiuraa  for 
a  givan  ehanbar  condition  and  praMnt  tha  raiults  in  graphical  fon. 


C.  THQMODYHAMIC  FROPIRTXES 

Tabla  1  praaanta  tha  raaulta  of  thamodynMic  calculationa  for  tha 
LO2/LH2  a*  conductad  by  tha  NASA  Lawls  Raaaarch  Canter  at  60  psla 

chaaber  praaaura  and  frotan  flow  condltlona  uaing  the  prograa  daacrlbad  in 
tha  preceding  aaction.  Sladlar  d~ta  is  presented  for  LC2/RP*!  and  N70i,/UDKH 
in  Tables  2  and  3  as  coag>utad  by  this  corporation  in  the  sunnar  previously 
explained,  figures  1>3  describe  tha  variation  in  concentration  of  combustion 
species  as  a  function  of  nixtura  ratio  for  the  three  propellant  coaiblnattons. 
These  plots  era  baaed  upon  the  data  presented  in  Tables  1-3. 

It  can  be  noted  in  figure  1  that  for  LO2/LH2  both  OH  and  O2  increase 
significantly  in  tha  nomal  operating  range  of  4  to  6:1  while  H2O  shows  a  2SX 
increase  in  concentration.  Sinca  temperature  is  also  rising  sharply  in  this 
region,  it  can  be  exrccted  that  enlssion  intensity  at  the  shorter  wavelengths 
will  show  a  significant  increase  with  Increasing  mixture  ratio  (several  orders 
of  magnitude). 

The  major  constituents  of  LO2/RP-I  era  plotted  vs  0/P  in  figure  2.  Of 
these  species  O2  and  OH  again  show  considerable  Increase  as  a  function  of 
Biixture  ratio  Indicating  that  sharp  emission  changes  can  be  expected  in  the 
UV  region,  Th"'  H2O  content  shews  a  slowly  rising  concentration  and  CO  a 
slowly  declining  concentration.  Also  of  Interest  Is  the  CO2  content  which 
Ircreases  about  50Z  with  increasing  mixture  ratio  anJ  CHO  which  decays  with 
mixture  ratio. 

The  H20(,/UDMH  system  displays  the  same  mnjor  constituent  variations  as 
LO2/LH2  and  L02/RP-lbut  with  some  additions  (see  figure  3).  Both  OH  and  O2 
show  very  marked  increases  with  mixture  rstlc  fin  the  O2  esse  over  four  orders 
of  magnitude);  in  addition  NO,  a  good  UV  emitter,  is  also  present  In  varying 
quantity.  In  this  case  CO2  increases  over  an  order  of  magnitude  with  In¬ 
creasing  mixture  ratio,  hut  peaks  at  a  naxlaum  temperature. 

In  order  to  provide  nertlnent  Information  for  the  analysis  of  olixse 
intensity  and  simulated  altitude  test  conditions,  it  was  necessary  to  know 
the  rocket  engine  exit  temperature  as  a  function  of  norzle  expanelon  ratio, 
figures  4-6  were,  therefore,  oreu#«red  based  unon  the  previously  conducted 
thermodynamic  aralyses  to  provide  that  infonv*ion  for  each  propellant 
combination  aa  a  function  of  various  mixture  ratios.  This  analysis  is, 
again,  based  on  frogen  flow  corslderatlons. 


D.  EMI’^SION  WAVELENGTHS 

Table  4  auwarizes  the  cmisiion  characteristics  of  all  speciea  of 
interest  from  each  of  the  three  propellant  combinations  considared. 
should  be  noted,  however,  that  complete  snectroscopic  date  for  Moleculer 
fregments  which  often  exist  in  rocket  exhaust  gases  are  far  from  cofr.>lete. 
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Figure  4.  (Keygen-Hydrogen  DAaust  Gas  T\wf)er«ture  as  a  F\sK:tion  of 
Expansion  Raftio  and  Mixture  Ratio 
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figure  5.  Oxygen  *  Rf-1  Exheuet  Cat  Tawperaturt  aa  a  function  of 

Expanalon  Ratio  and  Nixtura  Ratio 
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TABLE  4 


EKZ88X01I  KNOWN  TO  ARISE  FROM  COMBUSTION 
(PERSISTENT  BAND  HEADS  ONLY) 


Spwciw 


Wavlugth 


^2 

CH 

CH4 

CaH. 

C2H4 

CBO 

CHgO 

C2H40 

CO 

OO2 

CaOa 

Ha 

HaO 

HaOa 

Na 

NH 

NO 

CN 

^2 

03 

OH 


6191.2,  6122.1,  6059.7,  6004. Q,  5958.7,  5635.5. 

5165.2,  4737.1.  4382.5,  2325  A 

4890,  4312.5.  3889.0,  3156.6,  3144  % 

7.6,  3.4,  3.3  U 

16.3.  13.8,  5.0,  3.0  M, 

12.1,  10.6,  7.4,  6.9.  6.1,  3.3  u 
4092.0-2585.5.  3802.7-2704.5  X 
5107-3410  A;  8.5.  7.8,  6.6,  5.7,  3.6,  3.4  iL 

14.6,  12.4,  11.6,  8.7,  7.9,  6.9.  6.7  n 
2600-  <  2000  A 

5430-3911  A;  15,  7.6,  7.2,  4.3  n 

16.1,  11.8,  6.4,  4.5  M. 

(many  line  continuum) 

9669,  8916,  8097,  7164.5.  6922,  6516.8, 

6490.4,  6468,  6165.7  A;  I5.0,  6.26,  3.17. 

2.74,  2.66,  1.88,  1.38,  1.14  li 

11.5.  7.3.  3.5.  2.93.  0.97  u 

>  10,000-5000  A 

3609.6,  3360,  3240.1,  3035.2  A 

5270-2018,  3458-1956  ^ 

46o6.2,  4216.0,  3883.4 
4400-  <  2200  A 

14.1,  9.6,  5.75  U 

3063.6,  2811.3  A;  3.  1-2.7  U 


REFSlUBfCBS:  Roaen,  B.  "Donneea  Spectroacoplquee  Coneemant 
lea  Noleculea  Diatomiquea" ;  Paria  1951. 

Pearae,  R.W.B.  and  Gaydon,  A.G.  "The  Identifi¬ 
cation  of  Molecular  Spectra";  London  1950. 


16 


AF?DL-TR-64-163 


The  ealsslon  waYelentths  fhovm  arc  those  which  can  be  exoected  to  occur  during 
a  coubustlon  process.  Table  5  sususarizes  the  adsorption  spectra  that  ulght 
be  obtained  from  coBd>ustlon  flasMS  of  the  type  studied  herein. 

In  reviewing  the  exhaust  gas  constituents  for  each  propellant  coadilna* 
tlon  as  a  function  of  the  eaisslon  spectra  which  can  be  expected,  the  follo«^> 
Ing  observations  can  be  made  for  LO2/LH2.  The  only  exhaust  gas  constituents 
of  spectroscopic  Interest  are  H2O,  OH  and  O2.  Both  Ionized  H  and  0  present 
a  true  contlnutns  while  H2  displays  the  characteristic  “nanyllne"  contlnuun. 

It  can  be  noted  frou  the  conpllatlon  presented  in  Table  4  that  OH  and  O2  both 
eult  In  the  UV  region  while  H2O  presents  considerable  orange  esdsalon  as  well 
as  the  known,  strong  IR  emission.  Table  5  presents  known  UV  and  visible 
absorption  regions  for  species  of  Interest  In  this  program.  Although  self- 
absorption  may  not  be  a  problem  In  a  rocket  plume  under  space  conditions, 
known  absorption  regions  are  probably  best  avoided  at  this  time.  Hence,  It 
would  appear  that  the  bands  of  sest  Interest  In  LO2/LK2  studies  are  the  OH 
3064  and  281  lA  regions,  the  O2  4400-2200X  region  and  the  H2O  6166A  region. 

It  will  be  necessary  to  confirm  this  through  experimental  spectroscopic 
scans,  however,  over  the  full  range  of  Interest  for  this  propellant  system 
0.22-6.3W. 


In  the  case  of  LO2/RP-I  It  Is  Interesting  to  note  that  the  large  number 
of  minor  constituents,  or  exhaust  gas  molecular  fragments,  which  arise  during 
this  combustion  process  add  an  unknovm  factor  to  the  analysis  of  this  propel¬ 
lant  combination.  Past  spectral  analyses  of  02,'RP-l  conducted  at  Tullahoma 
under  Bx>derate  test  altitude  conditions  show  strong  emission  attributed  to 
C2  In  the  exhaust^.  Most  of  this  radiation  occurs  In  the  visible,  providing 
the  charscterlstlc  yellow-orange  color  of  the  RP  flame.  Other  radicals 
which  can  be  expected  to  emit  strongly  because  of  their  excited  nature  are 
CH  and  CHO.  Both  are  strong  UV  emitters  and.  If  not  overly  sensitive  to 
mixture  ratio  change,  may  orove  to  be  good  performance  Indicators. 

For  N2O4/UDMH  the  rise  and  decline  characteristics  of  H2O  make  its  use 
less  likely  for  0/F  monitoring  because  of  the  difficulty  In  determining 
which  side  of  peak  Is  indicated  by  the  signal.  CO,  however,  siay  be  a  good 
Indicator  In  the  UV.  Of  the  minor  constituents  It  can  be  expected  that  CH, 
CHO,  NH  and  CN  will  emit  strongly.  C2  emission  Is  not  anticipated  In  this 
system  since  the  UDMH  molecule  contains  C-N,  N-H  and  C-H  bonds,  but  no  C-C 
bonds.  The  sBst  promising  emitters  for  performance  determination  In  N20t,/UDMH 
can,  therefore,  be  expected  to  be  OH,  O2,  CH,  CN,  NO  and  NH,  all  good 
eml tters. 
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TABLB  3 

ABSORPTZOH  8PBCTRA  OP  COMBUSTION  SPECIES 
(PRIMARILY  PERSISTSIT  BAND  HEADS) 


8p#ci» 

C»H, 

CHaO 

CaH40 

CaOa 

HaO 

HaOa 

NO 

Oa 

O3 


Wavlwqth 
7901-7874,  2377-2245.8  A 

3456-2667  X 

3399-  3-3172. 2  i. 

3350-2946  A 

9420,  9060,  8227,  7227,  6994,  6524,  6324, 
5952,  5924,  5722,  1780-1610,  1400-1300  k 

3700-2150  A 

2415-1910  X 

7593.7,  6867.2,  6276.6,  2221-1768  % 

6020,  5730,  3432-3090  X 


REPSRBICBS:  Rosen,  B. ,  "Donnees  Spectroscopiq^ues  Concemant 
lea  Molecules  Diatomiques” ,  Paris  1951. 

Pearse,  R.W.B.  and  Gaydon,  A. G. ,  "The  Identi¬ 
fication  of  Molecular  Spectra",  London  1950. 
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SECnOH  3 
SIGNAL  ANALYSIS 


This  taction  doterlbat  tho  acthodt  utad  and  ratuUa  obtalttad  In  datnr- 
mining  cha  emitalon  intantitiaa  anticipated  at  the  vavalangtht  of  principal 
intaraat  and  the  calculated  inatrunentatlon  ratponte  to  thoaa  intanaitiat 
(tignala). 


A.  EMISSION  INTENSITIES 


Enitaion  Intantitiaa  in  the  UV,  viaibla  and  IR  ware  calculated  on  a 
digital  computer  employing  a  program  prepared  during  thia  project*  In 
order  to  deacrlbe  the  manner  In  which  theae  calculationa  ware  laadat  a  rawlav 
of  applicable  phyaical  prlnciplaa  it  preaented  followed  by  a  daacription  of 
the  program  and  terminating  with  a  preaentatlon  of  the  reaulta  obtained. 


1.  Deflnltiona  •  Conalder  a  cavity  penetrated  in  all  diractiona  by 
radiation.  In  chit  cavity  select  an  arbitrarily  oriented  ttsall  arae 
do  and  erect  on  it  at  the  point  P  a  normal  n.  Then  draw  a  line  L  at  an 
angle  9  to  the  normal,  which  then  ia  taken  as  an  axis  for  an  element  of 
solid  angle  dw. 


The  cone  crl  ia  siallir  to  the  cone  du.  Its  cross-sectional  area  at 
the  point  P,  perpendicular  to  L  will  be  do  cos  0.  The  quantity  of 
energy  dEy  passing  in  time  dt  through  the  area  do  inside  the  cone  dfl  in 
the  frequency  interval  between  v  and  v  dv  is  called  the  specific 
intensity  of  radiation  or  just  the  intensity,  and  is  defined  by  the 
following  lielt: 


-  Urn  dgy  In  erg-cm-^-sr-^-sec"*  (3.1) 

du  ,df  ,d«ii,dy-K>  dodudtdv  cos9 


so  that: 

dEy  •  lydo  cos©  dtdwdv  in  erg  (3.2) 

The  intensity  due  to  the  whole  snectrum  is  obtained  slsply  by: 

I  -  /*  Ivdv  (3.3) 

«nd  is  called  the  integrated  intensity. 

The  total  amount  of  radiant  energy  traversing  the  surface  elememt  do 
from  one  aide  to  anothfr,  expressed  in  terms  of  unit  area  end  unit  time,  can 
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b«  vrlctcn  Ml 

•  /J  I*lfiecoi0d0d»  In  €r*-<ar*  MC”^  (3.4) 

and  if  cfllfd  Chf  rtdlftlon  flu^» 

Thf  radiation  flu*  going  in  tha  oppoaita  dlraction  iai 
F  •  Iain0coa9d0d#  in  arg-eaT^-aac*’^  (3.5) 

”  ®  t/2 

The  nat  flux  of  radiation,  F,  acroaa  do  par  unit  area  par  imlt  tlna  lat 
?  -  F^  -  F_  and  (3.6) 

*  o  'o  Isir6coB0d0(H  arg-car^csec"^  (3r/) 


or 

F  •  /  Icoaedu  (3.8) 

over  tha  coaq!>l»ta  aphara. 

Tha  anounc  of  radiant  anargy  flcving  fro«  one  elaoant  of  aurfaca  to 
another  elenent  of  aurfaca  vlll  nov  be  derive i. 

Let  <kr  and  do*  be  the  tvo  elaaanta  of  aurfac  aurrounding  the  pointa 
P  and  P',  reapectivaly.  Let  r  be  the  dlatanr  between  F  and  F'.  Further, 
let  PP"  Bake  anglea  9  and  9'  to  the  directicr  of  the  nomala  to  do  and 
do*  at  P  *nd  P* ,  reapectivaly.  Finally,  let  I  be  the  specific  intonaity 
at  P  in  the  direction  PP’ ,  In  fre*  apace  the  energy  which  treveraca  the 
clcflMnt  do  in  tine  dt  and  which  elao  traversea  do*  ia,  according  to  our 
defln..clon  of  Incenalty, 

dE  -  I  coa9dodvjdt  (3.9) 

i^ra  dw  ia  the  aolid  angle  which  the  eleaeat  da'  nakea  at  P.  Thla  ia 
teen  to  be: 

.  do'coaS* 

•  clewtnt  oi  aolid  aaJe  (3.10) 


Fro*  the  two  aquations  (3.9  and  (l.lil)  we  have 


dE 


coaScosO 'dodo ' 


dt 


(3.11) 


which  inplica  that  the  apeclfic  Intcnaitv  la  conatant  along  tha  path  of 
anv  ray  in  free  apeca. 

Let  ua  now  conaider  the  wtMrgy  denalty.  The  energy  denalty  «  of  tha 
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InteKtated  ..*«dl&tlon  at  a  given  f>olnt  is  the  aaount  of  radiant  energy  ear 
unit  volume  which  la  in  course  of  transit,  per  unit  tins,  in  the  neigh" 
borhood  of  a  point  under  consideration.  The  energy  density  Is  given  by: 


u 


-  /  ld« 
c 


erg-ctr*^ 


C3.n) 


also 

Uy  ■  ~  /  lydw  erg-CM“^-( frequency  Interval)”^ 
c 


and 


u  •  /  UydV 


If  the  radiation  is  isotropic. 


4f  _ 

Uy  -  --  Iv 


4w 

u  •  —  I 
c 


(3.13) 


(3.U) 


(3.15) 


Equation  (3.11)  establishes  the  geometric  relation  between  the  de¬ 
tector  and  the  light  source.  One  can  take  9  and  do  as  pertaining  to  the 
source  and  9*  and  do*  as  pertaining  to  the  deteetcr.  The  area  of  the 
source  viewed  by  the  detector  Is  determined  by  the  cone  defined  by  the 
acceptance  angle  of  the  detector's  sensitive  area.  In  the  case  where  a 
large  section  of  the  source  Is  viewed,  tnen  the  el^faent  of  area  la 
integrated  over  that  section. 

2.  Optical  Depth  of  Radiation  Source  -  The  Intensity  of  the  radiation 
observed  from  the  surface  of  light  source  may  not  always  depend  only  on 
the  area  viewed,  but  also  on  the  geometrical  depth  of  the  emitting 
layer.  This  means,  essentially,  that  the  Intensity  I  Included  In 
equation  (3.11)  can  be  a  function  of  s,  the  depth  of  the  emitting  layer 
along  the  line  of  sight. 

There  are  two  extreoe  cases  in  categorizing  light  sources;  the  case 
of  an  optically  thin  source  and  the  case  of  wi  optically  thick  source. 
Optical  thickness  Is  defined  as: 

Ty  •  K.yda  (3.16) 

and  for  a  homogeneous  laver 


where  •  Is  the  deoth  of  the  emitting  laver.  In  order  to  qualify  the 
sourcea,  the  pareaeter  to  be  used  will  be  the  ratio  of  the  geometrical 
thickness  of  the  ^sitting  leyer  to  the  taean  free  oath  of  the  photon  for 
the  particular  frequency  of  intereet. 


s 


‘Ph 


‘  V 


-3  -I 


Ky  •  S 


since 


c»“* 


(3.H' 


APn)L"Tt-W-163 


In  chit  e«M  of  a  how>t«n«oua  oalteins  lojor  vhort  to 

In  cho  optically  thin  eaaot  tha  intensity  I  Is 
glYcn  by: 

ln»  •  AtujlnnPJnS  erg-car^-sec-^-sr*^  (3.11) 

vhere  A^gi  la  the  Einstein  transition  probability  In  sec*^->sr*^,  and  Iqbi 
indicates  the  radiated  specific  intensity  for  a  transition  »*«,  a  being 
the  upper  state  of  the  aton  or  nolecule.  Equ  is  the  energy  difference 
between  the  states,  Nn  is  the  nusiber  density  of  particles  in  the  upper 
state  in  csr*^  and  s  is  the  depth  of  the  emitting  layer  in  cm.  In  the 
optically  thin  source,  therefore,  the  radiation  ecdtted  is  isotropic 
and  depends  on  the  source  geometrical  thickness. 

For  an  intermediate  situation  where  <  1,  equation  (3.19)  becosMs: 

^ph 

^nm  "  ‘Su/nm^n  *  *  ers-car^-aec-'  (3.20) 

The  factor  (e“'*'')  allows  for  the  fact  that  rhere  <ippreclable 

Absorption  of  radiation  along  the  line  of  sight.  The  radiation  detected 
in  this  case  depends  on  both  s  anu  e”^v  *  s. 

When  the  optical  depth  of  the  source  is  v  i  or  larger,  chan  the 
source  radiation  may  be  described  in 

terms  of  a  blackbody  for  the  frequency  interval  vhere  the  optical  dapth 
Is  large,  and  at  the  teiqperaCure  of  the  source.  Under  such  circumstances 
the  radiation  intensity  becomes  ly  ■  By  (T),  where  Bv(T)  is  the  Planck 
radiation  law  and  therefore  Independent  of  the  geometrical  depth  of  the 
light  source  along  the  path  of  observation.  The  Intensity  Bv(T)  depends 
on  the  surface  area  of  the  source  viewed  by  the  detector. 

3.  Computer  Program  -  The  radiation  equations  prograinmed  on  the  digital 
computer  were  derived  assuming  an  optically  thin  homogeneous  source. 

The  radiation  intensity  for  this  homogeneous  source  Is  proportional  to 
the  th4.ckriess  of  the  radiating  layer  as  Indicated  In  the  previous  section. 
For  a  homogeneous  source  where  absorption  becomes  important,  the 
radiation  intensity  is  dependent  upon  the  aboorptlon  factor  e"^  vhere  t 
Is  Che  optical  rhirkness  of  tiie  r.'dlatlng  layer  and  has  a  i^>le  analogous 
to  that  which  the  Knudsen  number  plays  in  rarefied  gas  dynamics.  For  a 
thick  radiator  approaching  blackbody  emission,  the  radiation  la  independ¬ 
ent  of  the  thickness. 

In  this  calculation  the  collision  rates  among  the  plume  constiCuents 
were  assumed  to  be  high  enough  so  that  local  thersodynamlc  equilibrium 
existed.  The  Maxwellian  velocity  distribution,  the  Boltzman  distribution 
of  excited  states  and  the  Saha  equation  were  assumed  to  apply. 

The  intensity  of  vibrational  bands  which  are  associated  with  elect¬ 
ronic  transitions  and  which  appear  as  radiation  in  Che  visible  end  ultra¬ 
violet  were  calculated  for  optically  thin  sources  as  follows: 
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Bn 


(3.21) 


The  intensity  of  pure  noleculer  vibrational  bands  which  radiate  la  the 
infrared  were  calculated  for  thin  sources  as  follows: 


I  »  h(s)  - 


ItiV 


3c 


(IM] 


v' 2 


N  , 

V 


(3.22) 


Both  equations  are  for  a  hoaof^neous  enlttlnp  layer. 


In  the  above  equations  Pv'v**  '*band  strenath",  in  erp^eei^, 

is  the  statistical  weit^ht  of  the  unner  state,  s  is  the  death  of  th^t 
emitting  layer  along  the  line  of  sieht  in  cb,  and  Ny^  is  the  nonulatioa 
of  the  upper  vibrational  state  in  esr^  which  la  calculated  bvt 


N 

V 


t 


N  C!"!)  e 
Z 


Xm/kT 


-Xv’  /kTj 


(3.23) 


Where  fJ  is  the  total  number  density  for  the  species  under  conslderatloo, 
Z  the  electronic  partltiori  function,  Oy*  the  vibrational  partition 
function,  Xfl,  the  energy  of  the  m  state  measured  from  ground  state,  Xy' 
the  energv  of  the  v’  vibrational  state  measured  from  the  v»o  state, 
and: 


0 

V 


f 


-Xy*  /kT  -Xv*  /kT 

I’+’e  ^  +e  ^  +  — — 


(3.24) 


Where  k  is  the  Holtzman  constant  and  T  the  temperature  in 


.v'v" 


{[M]’  ”  In  equation  (3.22)  Is  the  nure  vibrational  band  strength 
and  can  be  calculated  as  follows: 


/K  d 

V  V 


2ff^\>v»v” 

3ch 


(  I'd] 


v’v", 2 


(3.25) 


Where  Ky  Is  the  absorption  coefficient  In  csT^,  defined  for  S.T.P. 
conditions,  h  Is  Planck's  constant  (6.6  x  10“^'  erg-sec)  and  c  is  the 
soeed  of  light. 


Eouatlon  (3.21)  was  rewritten  In  the  following  form  before  being 
orogransned: 


I„, .,„(»)  -  5.33(./c)3(E^.^,./h)-P„,„,.N„.«/, 


V  V 


V  V 


m 


(3.26) 


With  the  existing  fl-20  propellant  performance  analysis  program 
no  provision  exists  for  printing  out  values  for  the  throat  pressure 
and  temperature.  Hence,  for  expediency,  data  was  calculated  at  * 

2.n  which  approximates  the  sonic  throat  condition  to  withm  one  percent 
(A^/A^  ■  1,01).  Because  of  the  uncertainty  in  experimental  contfjustlon 
temperature  which  Is  alwavs  lower  than  theoretical  (due  to  heat  transfer 
and  Incomplete  combustion)  this  degree  of  approximation  was  deemed 
acceptable.  Copies  of  the  UV  and  "'R  radiance  programs  (written  in  CATE 
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traaala’Vor  Imuoags)  an  ahovn  In  Apnandlx  S.  Th«  In^ut  data  naoind 
Ineludt  :ha  com  taaparatun  (tdkan  aa  ealeulatad  onvioualv), 
Che  f>rae«un,  eiMctea  toole  fraction  (aaeuminK  fronn  conpoaltlon) 
molecular  constants  and  ^rranjltlon  probabilities. 


4.  Tabulation  of  Constants  -  Befon  Itiitlatlng  the  computer  cnalesis 
it  vas  first  necessarr  to  tabulate  the  radiation  constants  for  the 
species  of  Intense,  An  extensl^re  survey  vas  conducted  (see  Heneral 
References  list)  to  obtain  the  reouisite  censtents,  but  the  computer 
anelysis  vas  limited  by  cht:  unayallabllitv  of  constants  for  some  of  the 
ware  "exotic”  species  vhlch  xenerallv  occur  only  under  the  conditions 
of  hlxh  tcss>eratun  and  press'ire  that  exist  In  a  rocket  combustion 
chamber.  Following  an  the  mAin  hands  from  which  intensities  were 
computed  for  selected  fr*qtjer.ctet<: 


(a) 


2  *  1 

2325A  (Mulllken's  System)  Probably  d*E a*E 

Also  Intense  bands  in  the  Swafi  System  A^s 


Swta  iLviteait 


5635e5 

5585.5 

5540.7 

5165.2 

5129.3 

4737.1 

4715.2 

4697.6 

4684.8 

(b)  CH  , 

430CA  Syetam 

4312.5 

j<^00X  r^vstam 
3889.0 

(c)  CHO 
System  A 

3588. 6A 

3502.7 

3377.4 

3299.2 
301‘i.8 

2948.2 

2858.0 


Relative  Intensity 

8 

3 
6 

10 

6 

9 

8 

7 

4 


1C 


4 


8 

8 

10 

10 

8 

7 

6 


Vibrational  Transition 

(0,1) 

(1.2) 

(2,3) 

(0.0) 

(1,1) 

(1,0) 

(2,1) 

(3.2) 

(4.3) 


(0,0)  A^A  ♦ 


(C.O)  ♦  xN 


(1.9) 

(0,8) 
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Sslit  StUtiv  Inf  iMitv 

Svstea  B 

3359,6k  5 


(d)  CO2 

I.R.  Band*  at  2.7w,  4,3m,  15m 

(e)  CO 

Fourth  Poaltlve  Sytten  aU  x*I 


2286.1  7 

2311.5  8 

2337.9  7 

2381.6  6 

2407.6  7 

2433.9  9 

2463.2  10 

2509.9  8 

2567.8  5 

2492.9  fi 


(f)  H2O 


Vibritloaal  Tranaitioa 


(1.9) 


(6.13) 

(7.16) 

(8.17) 
(6,16) 

(7.17) 

(8.18) 

(9.19) 
(7.18) 

(9.20) 

(10,20) 


I.R.  Banda  1.38m,  1.88m,  2.66m,  2.74m.  3.17m,  6.26m 


(8)  NH 

A^ir  x^I 

336oX 

3370 

(h)  NO 


(0.0) 

(1,1) 


B  Systea 

X^t 

2198.8^ 
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T  Syi  w 

2262. ah 

(0.0) 

(i) 

CN 

B^I  *  Violet  System 

3883.4 

10 

(0.0) 

3871.4 

9 

(l.l) 

3861.9 

8 

(2,2) 

3854.7 

6 

(3.3) 

(J) 

OH 

A^I  X^w 

3063.6 

10 

(0.0) 

2811.3 

6 

(1,0) 

S.  llg»ulta  Obf  Intd  •  Th«  types  of  radiation  expected  to  be  ealtted 
by  a  rocket  pluae  are  nolecular:  electronlc-vlbratlonal  and  pure 
vibrational-rotational  bands  in  the  ultraviolet-visible  and  infrared: 
and  blackbody  radiation.  Sosw  of  the  exhaust  product  specie  concen¬ 
trations  were  not  calculated  by  the  computer  as  their  soler  fractions 
vere  below  the  limit  of  the  machine's  capability  (<10"^).  These  had 
to  be  hand  calculated  assuaing  chemical  equilibrium  exists  In  the 
rocket  combustion  chamber  and  subsequently  the  gas  flow  through  the 
rocket  nozzle  is  frozen,  thus  maintaining  constant  composition. 
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Tabl«  6  gl'vcc  tlM  r«fultt  of  Intmtlty  calculations  for  tha  arlMry 
vibrational  bands  associated  with  electronic  tranaltlons  In  the  UV-vlsl- 
ble.  Calculations  were  saide  for  1.02/RP'-1  (Table  6,  Part  A)  and  NjO^/USIIl 
(Part  B)  propellants.  It  is  of  Interest  to  note  that  the  mill  radiant 
intensity  calculation  result  for  the  3064a  OH  band  at  the  Mad)  cone  la 
due  to  high  self  absorption.  It  la  possible  to  observe  this  band  at  the 
Mach  cone  but  only  blackbody  type  radiation.  A  spectral  (3064X)  black- 
body  Intensity  calculation  for  the  temperature  indicated,  yielded  a 
value  of  5.16  x  10~^  watts/cm^/ster.  Chenllusdnescence  and  non-equlll- 
brlum  effects  will  affect  the  radiation  Intensities  cosgtuted.  Also,  In¬ 
homogeneous  burning  will  result  In  pockets  of  combustion  species  and, 

In  turn,  will  change  their  number  density.  This  will  also  noticeably 
Affect  the  radiation  Intensity. 

Table  7  presents  a  detailed  listing  of  the  UV-vlslble  radiation 
wtdch  can  be  expected  from  the  secondary  transitions  of  the  prime 
radiating  species  In  the  LO2/RP-I  exhaust  flame.  This  data  Indicates 
that  several  CH,  OU  and  CO  lines  will  be  detectable  and  ounv  C2  lines 
will  also  be  detectable. 

Employing  the  computer  program  previously  described,  calculations 
were  carried  out  to  determine  the  primary  radiation  Intensltv  of  the 
plume  at  the  Mach  cone  In  the  IR  portion  of  the  optical  spectrum.  It 
was  assumed  that  the  plume  thickness  was  2  cm,  and  chat  the  band  width 
Av  was  0.2  cm~^.  These  results  are  oresented  In  Table  8.  The 
vibrational-rotational  bands  calculated  are,  for  Che  most  part,  readily 
detectable. 

Blackbody  radiation  intensities  can  be  calculated  by  the  following 
exprssslon: 

ly  •  ®v  “  (3.27) 

where  ly  •  radiation  per  unit  area  per  sceradlan  for  the  surface  in 
question. 

By  -  radiation  from  a  blackbody  surface  at  tenmerature  T  for  a 
particular  wavelength, 

Ky«"  absorption  coefficient  In  cm“^. 

The  blackbody  Intensity  per  sceradlan  can  be  calculated  from  the 
Planck  distribution: 

By  -  CivV(e^2v/T_jj  (3  28) 

where  Cj  ■  1.1909  x  10^^  watts/cm^/ster 
C2  -  1.4388  cm- *11 
V  -  wave  number  -  1/A  •  v/c 

The  gradient  of  By  along  s  OBy/3s)  can  be  calculated  provided  the 
quantity  3T/3s  Is  known,  since: 

9By/3s  -  (3By/3T)  (3T/3s)  (3.29) 
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UV-VISIBLE  PRIMARY  RADIATION  INTENS I TY 
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TABLE  7 

UV-VISIBLE  SBOOBBARY  RADIATION  INTENSITY  AT  THE  NACB  GONE 


Propellants:  LOgAP- *. 

OA  Ratio:  3.4:1 

Chai^er  Pressure:  100  psia 

Exhaust 

Product 

Xv^v" 

A 

Vibrational 

Transition 

1^  *  u* 

watts/cn^/ster 

^2 

5160. 4 

(0,0) 

5.864  X  10”^^ 

5123.9 

(1,1) 

2.996  X  10-^^ 

5090.4 

(2,2) 

1.368  X  10-^^ 

4731.8 

(1,0) 

2.675  X  10-“ 

4708.3 

(2,1) 

4.123  X  10-^^ 

4687.2 

(3,2) 

4.046  X  10"^^ 

4668. 4 

('*,3) 

5.102  X  10-^^ 

'*3:5.2 

(2,0) 

4. 320  X  10-^* 

4361.4 

(3,1) 

9.355  X  10-*= 

4349.5 

(**,2) 

1.550  X  10“^^ 

CH 

3889.0 

(0,0) 

1.44  X  10-^° 

3886.6 

(0,01 

-0- 

3143.2 

(0,0) 

-0- 

OH 

2806.8 

(1,0) 

1.432  X  10-® 

2602.2 

(2,0) 

1.181  X  10-* 

CO 

2463.2 

(9,19) 

1.117  X  10-® 

2483.6 

( 10,20) 

3.225  X  10-® 
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and  9B/dT  can  ba  ealeulatad  froa  tha  axpraftlon  nlvan  for  Bv  In  aquation 
(3.28).  Tha  raault  for  tha  calculation  3By/3T  la: 

0Bv/3T)  -  (C2Bv*)/(Cxv*T*)  a  (3^30) 

Thus,  the  radiation  Intanalty  will  be  qiven  by: 

Iv  -  Bv[l-C2Bv*^2v/Tj^^^,g^-2Y2)  ilj  ^3  3jj 

where  9T/3s  la  dataralned  fron  available  results  for  the  required  pluw 
temperature  distribution. 


B.  INSTRUMENTATION  SENSITIVITY 

Optical  Inatmnentatlon  was  reviewed  for  sensitivity  In  two  general 
ranges:  the  near  UV-vialble-near  IR  from  2000  to  10,OOOA  and  the  Infrared 
from  lu  (10,000a)  to  8w. 

1 .  Near  UV~Vlslble~Near  IR  -  In  the  near  UV  (above  2000X) ,  In  the 
visible  and  up  to  about  1  micron,  phototubes  offer  the  most  sensitive 
means  of  detecting  radiation.  The  sensitivity  of  the  phototube  devices 
will  be  expressed  here  in  terms  of  current  per  unit  Incident  radiant 
energv  In  units  of  amperes/ .  stt . 

There  are  several  combinations  of  UV  sensitive  nhotocathodes  and 
UV  transmitting  wlndo%ni  that  cover  the  rar.ge  between  200oA  and  4000X. 

The  1P28  hhS  an  S-5  response  which  peaks  at  340oX  with  a  sensitivity  of 
0.05  aiap/watt,  a  current  amplification  of  1.25  x  10^  and  a  Corning  9741 
UV  transmitting  window  that  cuts  off  around  2200X.  The  raaxlnum  equiva- 
lent  anouC  dark  current  is  about  2  x  10"  watts  with  a  suonlv  voltage 
adjusted  to  give  a  radiant  sensltlvltv  of  0.04  amp/watt.  The  nhoto- 
cathode  is  Cs-Sb.  The  7200  tvne  photomultiplier  is  almost  identical  to 
the  1P28,  except  for  the  fact  that  it  has  a  fused  silica  window  giving 
it  an  S-10  response,  with  a  cut  eff  around  liook. 

Two  E.M.I.  photomultipliers  seen  to  have  outstanding  characteristics 
for  the  near  UV  region,  the  62558  and  the  6256B.  With  s  photocathode 
sensitivity  of  about  0.06  «np/watt  these  photomultipliers  have  a  gain 
of  about  2*3  X  10^.  The  62553  has  an  eouivalent  anode  dark  current  of 
2.5  X  10"^  **  watts  St  an  overall  voltage  of  14^0  volts,  and  the  6256B 
has  an  equivalent  anode  dark  current  of  ahor-  1,5  x  10"*^  watts  at  an 
overall  voltage  of  1600  volts.  T3icse  twe  tubes  have  fused  silica  windows 
and  a  spectral  response  of  S-13  which  peaks  at  44C'oX  and  coven  the 
range  from  5^00X  to  l70oA.  The  nhotocathode  composition  for  the  S-13 
respoase  is  Sp-Cs-O. 

E.M.R.,  ASCOP  produces  photomult Ipl iers  similar  to  the  ones  manu¬ 
factured  bv  E.M.I.  of  Britain.  Their  i413-03  Sb-Ct  photocathode,  9741 
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glaif  irlndov  P.K.  hat  t  range  betvean  220oX  and  6SO0X  with  a  y>aak  of 
450QX.  Tho  aiaai«u»  gain  of  the  P.M.  li  about  10*,  with  an  oouiealont 
anoda  dark  current  Input  of  1.2  x  watts.  A  similar  P.M.  is  the 

54 lP-05  which  has  a  sapphire  window  extending  the  spectral  range  down 
to  1450A.  The  maximum  gain  for  this  tube  Is  1  x  10*,  with  an  equivalent 
atnode  dark  current  Input  of  10*^^  watts. 


P'.iotocathodes  for  visible  light  detection  usually  fall  In  the 
categories  of  spectral  response  S-11,  S-17  and  S-20.  The  quantum 
efficiency  for  S-11  Is  about  10  percent,  and  Its  composition  Is  Sb-Cs-0 
with  a  photocathode  sensitivity  of  about  0.05  aaip/watt.  The  S-17  and 
S-20  cathodes  have  a  quantum  efficiency  of  about  15  percent,  ar d  their 
cosg>osltlon  Is  for  S-17:  Cs-Sh,  and  for  S-20:  Sb-K-Na-fs.  Thi 
spectral  ranges  for  S-11  and  S-17  are  from  3200A  to  6000A  with  a  pe*'t 
at  440oX,  and  for  S-20  from  3200X  to  7000X  with  a  peak  at  about  iOftoX. 


A  particularly  suitable  photomultiplier  for  the  visible  Is  the 
E.H.I.  9558B,  S-20.  It  has  a  Quantum  efficiency  of  20  percent,  with  a 
photocathode  sensitivity  of  about  0.1  amp/vatt.  The  maxiimm)  gain  Is 
3,5  X  10*,  and  at  a  gain  of  1 .4  x  10*  the  eoulvalent  anode  dark  current 
Input  is  about  10“^*  watts. 


Photomultipliers  with  sensitivity  In  the  Infrared  un  to  Iw  have  an 
S-1  resnonse ,^wlth  the  ohotocsthode  composed  of  Ag-O-Cs.  The  S-l  curve 
peaks  at  8500A  with  a  quantum  efficiency  of  0.5  percent  and  a  sensitiv¬ 
ity  of  0.003  aa*pe res /watt.  It  covers  a  range  between  6OO0X  and  lo.oooX. 
A  particularly  suitable  nhotomultip? let  for  the  near  Infrared  is  the 
I.T.T.  built  FW118.  It  has  a  cathode  radiant  sensitivity  of  0.(W22 
msp/watt,  a  gain  of  10'  and  an  equivalent  anode  dark  current  incut  of 
about  10"^^  waiii. 


The  signal  produced  bv  a  photomultiplier  has  already  been  consider¬ 
ably  amplified  by  the  electron  secondary  emission  process  taking  place 
between  the  cathode  and  aiKtde  electrodes.  The  output  signal  can  be 
measured  bv  using  a  load  resistor  at  the  anode  and  measuring  the  voltage 
drop  across  it,  or  by  using  a  cathode  follower  for  Impedance  matching 
at  the  output  and  measuring  the  cathode  follower  output.  The  basic 
limitation  In  measuring  low  radiant  fluxes  Is  the  noise  level  of  the 
tube.  To  ac.ileve  low  noise,  low  gain  is  required  (low  overall  voltage) 
and  theref''  re,  the  lowering  of  the  anode  sensltlvltv.  A  comproeilse 
usually  hat  to  be  leorked  out  between  signal  strength  (which  depends  on 
gain)  and  a  tolerable  noise  level. 

Infrared  frxf  l-8v  -  Before  dlacusslng  Infrared  detectora  for  the 
l-8ii  rant .  It  Is  necesa.*"v  to  define  the  svatea  under  which  these  de¬ 
tectors  are  to  be  compareo.  The  magnitude  of  the  resnena#  related  to 
the  quatftity  of  Incident  radiation  It  called  the  responslvlty  fnd  Is 
given  by: 

R(*,f,>j)  dA  -  S(A,f,Ad)  Pa/WCa)  (3.32) 
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vhcr«  W(X)  •  Incident  radiation  In  Joulaa,  vatta,  photona 
or  photona/aec 

S  •  detector  output  (reaponae) 

The  detectlvttT  la  defined  aa  the  algnal-to-tjolae  ratio  per  unit 
quantity  of  Incident  radiation,  given  by: 

D(X,f,Af,Ad)  dX  -  R(X,f.Ad)  dX/N(f,4f.Ad)  -  0.33) 

where  D  la  In  unlCa  of  (joulea)”^,  or  (uatta)”^  or  (#  of  photona)”^  or 
(#  of  photona/aec)~^ .  The  reciprocal  of  the  detectivity  la  the  nolae- 
equivalent  power. 


Pn(^,f,4f,Ad)  H  1/D  (3.34) 

The  detectivity  of  a  detector  reduced  to  a  aenaltlve  area  of  1  cn^ 
and  measured  with  a  bandirldth  of  1  cps  la  called  the  specific  detectivity 
and  is  useful  for  intercomparlson  among  various  detectors.  The  specific 
detectivity  Is  given  by: 

D*  =  D  Ad^^2(Af)l/2gn_gpgl/2_(„gtt)“^  0.35) 

and  la  denoted  In  the  general  case  by 

It  la  useful  to  establish  the  limitations  to  the  detection  of  small 
signals  set  by  ultimate  physical  conditions  external  to  the  detector 
itself.  The  condition  of  operation  of  a  detector  under  background 
photon  noise  limitations  has  been  termed  the  BLIP  (for  bsckground«*limited 
Infrared  nhotoconductor)  condition. 

•  ®%LIP  (0/i)  (3.1^) 

where  Is  the  long  wavelength  cutoff.  A  specific  BLIP  detectivity  is 
defined  with  reference  to  a  detector  exposed  to  2w  steradians  solid 
angle  of  background  radiation.  It  is  given  in  terras  of  T)  by: 

°BLIP  -  (4f)^'*  sin  (0/2)  f3.37) 

Present  day  Infrared  detectors  in  the  operational  stage  include  a 
variety  of  photosensitive  elements:  Pb5>g  PbSe^  PbTe,  InSb,  Ce:Aug 
Ge;(Au^Sb) gCe:CutGe:Zn,InAs»  thermls cor  bolometers ^  golav  cells^  thermo* 
couples »  and  carbon  bolometers. 

The  principles  of  operation  of  the  photosensitive  detectors  etr^ 
ploying  s  ich  elements  as  listed  above  are:  thermal  detectors  and 
photon  detectors.  The  nhoton  detectors  can  operate  as  photocooductora^ 
Photovoltaic  detectors^  and  photoelectromagnetlc  detectors. 

For  the  range  of  Interest  here,  1-Bu,  the  Au  doped  germanium 
detectors  appear  to  provide  the  best  specific  detectivity  coupled  to  a 
tlw  response  of  less  than  a  mlcrose-ond.  Th-'j  cooling  reoulred  Is  at 
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«  teoperaturr  of  77*K,  the  boiling  tevperature  of  liquid  nitrogen, 
usual  angle  of  the  field  of  view  Is  abo<’t  60*. 


The 
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FIGURES  7  and  8.  VIEWS  OF  DYNAMIC  VACUUM  FACILITY  NO.  2 
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SECTION  4 

ROCKET  ENGINE  ANALYSIS 


This  tectlon  pr^sentf  an  analysis  of  the  factors  Influencing  a  reeket 
engine  design  capable  of  providing  the  necessary  radiation  signal  strength 
and  compatible  with  the  volumetric  capacity  of  the  vacuum  facility  to  be  used 
for  testing.  In  a  program  designed  to  study  the  characteristics  of  a  rocket 
plume  under  simulated  space  conditions  a  certain  Interdependency  exists  among 
the  capabilities  of  Che  rocket  engine,  the  test  facility  and  the  optical 
monitoring  Instrumentation.  Ideally,  one  would  design  a  rocket  engine  for  a 
very  low  flow  rate  requiring  a  minimum  vacuum  facility  Investment,  since  the 
facility  Is  the  major  cost  element  in  the  program.  But  this  approach  would 
require  very  sensitive  radiation  instrumentation,  which  would  then  become 
the  ultimate  limiting  factor  in  reduction  of  engine  flow  rate,  and  would  not 
consider  the  simulation  characteristics  of  the  engine.  Hence,  as  a  result, 
the  vacuum  facility  must  be  sized  to  the  minimum  engine  flow  which  Is  satis¬ 
factory  from  a  simulation  standpoint  and  yet  provides  a  detectable  signal. 


A.  FLOW  RATE  VERSUS  ALTITUDE 

The  subscale  engine  techniques  developed  on  previous  contracts  at  this 
corporation  (see  Appendix  C)  provide  good  radiation  simulation  (as  evidenced 
by  comparison  with  Project  RAMP  data)  with  very  low  flows  of  0.1  gm/sec  or 
less.  The  ultimate  limitation  on  reduction  of  engine  flow  from  this  viewpoint 
remains  to  be  determined,  but  it  is  probably  governed  by  the  ability  to  avoid 
excessive  nozzle  heat  transfer  and  to  compensate  for  boundary  layer  effects. 
However,  in  order  to  initiate  the  necessary  tradeoff  study  among  the  three 
prime  parameters  noted  above,  the  vacuum  facility  and  radiation  instrumenta¬ 
tion  requirements  will  be  examined  initially  on  the  basis  of  rocket  engine 
flow  rates  in  the  range  0.1  gra/sec.  This  was  ehe  same  value  used  to  compute 
radiation  intensity. 

1.  Facility  Description  -  The  vacuum  system  to  be  used  for  experimental 
verification  of  the  analysis  conducted  under  this  program  Is  shown  in 
Figures  7-11.  The  main  chamber  measures  six  feet  In  diameter  and  twelve 
feet  In  length.  It  is  provided  with  six  viewing  ports  along  the  side 
spaced  at  two  foot  Intervals;  three  viewing  ports  along  the  top-one  at 
either  end  and  one  four  feet  from  the  working  end;  and  four  ports 

located  at  both  ends  of  the  tank  positioned  at  45*  angles  to  the  hori¬ 

zontal  plane.  These  latter  ports  are  one  foot  from  the  forward  end  and 
one  foot  from  the  aft  end.  The  ports  consist  of  9"  flanges  with  "0" 
ring  grooves  machined  into  them.  The  actual  openings  into  the  tank 
through  these  ports  are  4"  in  diameter.  To  Insure  that  the  top  and 
side  ports  are  rsutually  perpendicular  and  that  the  ports  at  45*  to  the 

horizontal  are  properly  located,  the  entire  tank  was  placed  in  a  large 

surface  grinder  after  the  port  flanges  were  welded  and  all  of  the  flanges 
were  then  ground  while  the  tank  was  accurately  rotated  In  the  grinder. 

The  forward  end  bell  of  the  tank  Is  detachable  and  swings  awav  from 
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the  Min  ehMbnr  on  a  davit  which  ia  paniananely  attaehad  to  tha  taok. 
Thia  deaign  allows  acceaa  to  the  entire  aix  foot  dlaneter  of  the  tairic 
which  facilitatea  inatallation  and  operation  of  the  optical  eollectlng 
ayaten.  The  end  bell  ia  sealed  to  the  tank  by  ewans  of  an  "0"  ring 
which  is  74  inches  in  diameter;  swing  bolts  clamp  the  end  bell  to  the 
tank.  The  port  located  in  the  center  of  the  end  bell  of  the  tank  is 
one  foot  in  diameter  and  has  an  "0"  ring  groove  machined  Into  It.  This 
la  the  port  through  which  the  rocket  engine  Is  fired. 

At  the  aft  end  of  the  main  chamber  Is  e  permanently  attached  water 
cooled  manifold  which  conraunlcates  to  three  32  Inch  diameter  diffusion 
pumps.  These  pumps  were  manufactured  by  the  Consolidated  Vacuum  Corp¬ 
oration  and  are  their  type  PMC-50000.  'Hiese  pumps  are  connected  to  an 
oil  ejector  pump  by  means  of  a  manifold.  The  oil  ejector  pump  was  also 
manufactured  by  the  Consolidated  Vacuum  Corporation  and  Is  their  type 
KS2000.  The  oil  ejector  pump  Is  connected  to  a  mechanical  pump  which 
was  manufactured  by  Beach-Russ  and  Is  their  type  RP-Model  375.  The 
location  of  these  devices  Is  evident  from  the  three  views  of  the  facility 
presented. 

A  liquid  nitrogen  cryogenic  baffle  (or  cold  trap)  Is  located  within 
the  vacuum  tank  at  the  'ft  end  just  upstream  of  the  diffusion  pump  elbow 
Inlets.  This  baffle  serves  the  dual  purpose  of  trapping  heavy  rocket 
exhaust  gas  particles  such  as  CO2  and  II2O  and  preventing  oil  backflow 
from  the  diffusion  pumps.  The  baffle  Is  fabricated  of  low  carbon  stain¬ 
less  steel  (type  316)  to  Insure  against  the  formation  of  latent  leaks 
which  would  otherwise  appear  after  repeated  thermal  cycling.  The 
chevron  Is  non-anneal ed  sheet  and  the  liquid  nitrogen  tubing  which  is 
fusion  welded  to  the  sheet  Is  3/8  inch  seamless  with  an  0.049  Inch  wall. 
Design  provisions  have  been  made  in  the  baffle  assembly  for  thermal 
expansion  and  contraction. 

Four  6  Inch  vacuum  valves  are  employed  to  control  vacuum  In  the 
tank-pump  system.  Three  of  these  valves  are  located  one  each  at  the 
outlet  of  the  three  diffusion  pumps,  and  the  fourth  is  at  the  Inlet  to 
r.he  mechanical  pump.  By  proper  manipulation  of  these  valves,  the 
nechanlcal  pump  and  the  ejector  pump  can  be  Isolated  from  tho  svstem 
and  the  three  diffusion  pumps  can  each  be  isolated  from  the  ejector 
ptmp.  However,  the  diffusion  pumps  cannot  be  isolated  from  each  other 
at  the  Inlets.  The  physical  location  of  these  valves  Is  shown  on  tiie 
three  views  of  the  facility. 

The  vacuum  instrumentation  employed  in  this  facllitv  consists  of  four 
therawcouple  vacuum  gauges  and  two  lonlratlor,  vacuum  gauges.  The  therac- 
coup\e  gauges  are  located  as  follows: 

inlet  of  the  mechanical  pump 
inlet  of  the  oil  elector  pump 
aft  end  of  the  main  chamber 
fore  end  of  Che  main  chamber 

The  ionitatioD  gauges  are  located  as  follows: 
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aft  tad  of  tha  aala  ehaBt»ar 
fora  and  of  tha  nain  ehaa^ar 

Tha  tharweovpla  saugaa  wora  aanufaeturad  by  Hattlnga«Raydlst  tad  ara 
thalr  typa  OV-3.  Tha  lenlxatlon  gauges  vara  aaaufacturad  by  faaee  and 
are  thalr  type  RG-75P.  Tha  thamocouple  and  Ionisation  gaugat  ara 
raadout  on  a  Cook  Vaeuua  Gauge  Unit  Model  CD-22* 

2,  Total  Caa  Load  on  Systeiss  -  The  ultl<«Bte  pressure  which  can  be 
attained  by  the  vacuuai  facility  will  be  a  function  of  the  effective 
puag>lng  speed  of  the  facility  and  the  total  gas  load  on  the  systeai, 
which  in  turn  Is  dependent  on  the  type(8)  of  propellants  selected  for 
test.  Considering  Initially  the  total  gas  load  on  the  systen,  the 
following  equation  can  be  derived  froa  a  material  balance  on  the  systemi 

Vi  ~  SP  -  Q  const  Q(t)  (4.1) 

where:  Vi  is  the  voluae  of  the  chamber  in  liters 
P  is  the  pressure  in  torr  (or  ma  Hg) 
t  is  the  time  in  seconds 

S  is  the  total  effective  pumping  speed  (or  conductivity) 
of  the  system  In  llters/sec 

Q  const  Is  the  gas  load  due  to  leaks  and  engine  flow  in  t-i/s 
Q(t)  is  the  time-dependent  gas  load  due  to  outgassing  in  the 
system  in  t-t/s. 

The  solution  of  the  equation^  can  be  written: 

s 

?(t)  -  (?1  -  ^  «.2) 

ll  Q(t)  e  dt 

The  third  term  may  be  integrated  by  expanding  0(t)  in  a  Taylor’s  series 
and  the  equation  written  iu  general  fora  as: 

(**  ~  t) 

P(t)  -  Ke  ^  M(t)  (4.3) 

whare:  K  -  P,  -  (^-^|^)  4  X 

M(t)  -  !  Sn^® 
n-o 

X  -  a  constant 

The  first  tens  of  equation  (4.3)  will  disappear  in  the  or^r  ef 
to  1000  seconds  since  S/Vj  will  be  in  the  range  of  1  to  1/100.  Experi¬ 
ence  with  our  present  large  carboiHstecl  tank  system  indicates  that  the 
third  term  containing  the  time-dependent  outgassing  function  will  dls- 
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appmn  in  th«  order  of  S  co  10  hours  (the  tank  has  been  pwped  to  a 
steady  pressure  of  2  x  10**^  torr  in  5  hours).  Thus*  after  5  to  10  hours 
the  ultimate  steady  pressure  In  the  system  vould  be  Qconst/S.  The 
Qcoost  vlll  be  composed  of  tank  leeks  (Qi^)  and  the  rocket  flov  (Qk)» 

The  aaaount  of  can  be  estimate  from  tests  to  be  about  0.07  torr- 
llters/sec  or  approximately  2  x  10**^  standard  cubic  feet  per  minute  at 
273*IC  and  I  atm  (SCFM). 

The  values  of  Q  due  to  rocket  flov  can  be  calculated  as  follows: 

Q-P^»ART-£rT-  62.4  *  i  (4.4) 

MM 

where:  Q  is  the  xas  load,  torr-1 iters/sec 
V  is  the  weight  flow  rate,  gn/sec 
T  is  the  static  gas  temperature, 

M  is  the  average  gas  molecular  weight,  gBi/g»-nol 

A  convenient  conversion  factor  is: 

QlgC^  •  0.174  w  ^  (4.5) 

Actual  gas  loads  ouiy  now  be  calculated  for  the  three  propellant 
systcBS  selected  for  analysis.  However,  before  so  doing  two  things  saist 
be  kept  in  mind.  First,  the  static  gas  temperature  to  be  used  in  the 
calculation  is  the  ter^erature  at  the  diffusion  ptasp  inlet  downstream 
of  the  cryogenic  baffle*  This  temperature  can  be  closely  estimated  from 
past  tests  conducted  by  this  corporation  in  the  facility  previously 
described  under  contracts  listed  in  Appendix  C  hereto.  The  static  gas 
tesg>erature  is  shown  as  a  function  of  exhaust  gas  temperature  in  figure 
12.  Secondly,  the  weight  flowrate  is  also  assumed  to  be  that  which 
reached  the  diffusion  pirnps  and  must  be  reduced  by  the  proportion  of 
exhaust  constituent  vhlcn  will  adhere  to  the  baffle.  Figure  13  presents 
the  vapor  pressure  cxrves  of  various  substances  as  a  function  of  tesp* 
erature^^*^^ •  Since  it  is  known  that  the  maxinum  altitude  for  testing 
need  not  exceed  that  which  is  sufficient  to  provide  free  molecular  flov 
(l.c.  test  pressure  will  be  5  x  IQ"**  -  5  x  KT^),  and  the  cryogenic 
baffle  when  L^2  cooled  will  be  at  a  temperature  of  80*K,  it  can  then  be 
seen  from  Figure  13  that  H2O  and  CO2  will  stick  to  the  baffle  and  not 
reach  the  diffusion  pumps.  Past  tests  have  shown  that  sticking  factors 
are  close  co  one  under  these  conditions. 

Employing  Che  data  presented  for  O2/H2  in  Section  2,  a  family  of 
curves  was  constructed  during  the  course  of  this  program  as  shown  in 
Table  3Aand  Figure  14)  which  describe  the  full  range  of  operating  con¬ 
ditions  anticipated  during  rocket  tests  and  how  they  affect  gas  load 
on  the  vacuum  systems.  This  unique  analysis  was  required  to  determine 
the  capability  of  the  vacuum  system  to  be  used  for  test  over  a  range  of 
rocket  engine  operating  conditions  not  previously  investigated  by  this 
corporation.  This  Information  Is  presented  for  Oj/RP-l  and  N2O4/UDMH 
in  Tables  9  and  10  and  figures  15  and  16. 


41 


Exhaust  Temp 


^  <«  -  i  ^  1 


FinURE  12.  ROCKET  ENGINE  EXHAUST  GAS  TEMPERATURE  VS 
DIFFUSION  PUMP  INLETS  STATIC  GAS 
TEMPERATURE  (AFTER  COOLING) 


Static  Temp,  *K 
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Case  A  0/F  =  1.8o,  M  =  19-23,  J^HgO 

B  0/F  =  2.35,  M  =  21.50,  ^HgO 

C  0/F  =  2.65,  M  =  22.45,  /*^HaO 

D  0/F  =  3.10,  M  =»  23.60,  ^HgO 
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Function  of  Expansion  Ratio  and  Mixture  Ratio 


51 


.3 


.4 


.5 


.6 


^SCFM 

Figure  16.  N2O4  -  UDMH  Hai  Load  on  Vacuum  System  as  a 

Function  of  Expansion  Patio  and  Mixture  Ratio 
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3.  Efftctlv  Punplng  Speed  of  System  -  The  effectlv#  punspinit  •oced  nf 
the  vacuum  aystem  la  determined  bv  the  s'-eed  of  the  punnln*  ayaten  and 
the  conductsnce  of.  the  line*?  ’eadine  to  the  '' tern.  Tiius,  the 
apeed  or  volumetric  flow  c<^paci£v  of  the  sv^tet^  can  be  calculated  aa: 


1 

S 


(i.6) 


wherei  S  la  the  effective  ‘oeed  of  the  sv^t?^ 

Cj  la  the  conductance  of  the  lines 

C\f  la  the  conductance  of  the  crynf?er.ic  baffle 

Sp  la  tbe  speed  of  the  nunns 

The  apeed  of  Astroaystems  purriping  equipment  Is  a  In  Figure  17  for 
calibrations  with  air  at  520*R  (2R9*K).  T‘  'g  curve  Jn  effect  describes 
the  speed  of  the  overall  svstem  (S).  It  jan  be  Bee.»  Chat  the  moat 
efficient  operating  point  for  high  alt^tuce  'csting  is^  between  300,000 
and  340.000  feet  (Pg  -  1  x  10"'  to  I  x  10-'). 

The  pumping  speed  of  an  oil  diffusion  pumn  can  be  calculated  as 
follows : 

Sd  -  -I  vg  xa^/l  (4»7) 


where:  Vg  ■  average  velocity  of  pur'^Dird  molecules 
a  ■  radius  of  the  rump  Inlet  port 
1  ■  length  of  Inlet  port 


This  equation  assumes  correct  Inlet  port  design  which  Is  true  for  chls 
case.  The  velocity  of  a  gas  molecule  in  free  molecular  flow  la  described 
by  the  following  equation: 


V 


a 


1.455  X  10** 


(4.8) 


Hence,  the  diffusion  pump  speed  for  a  constant  inlet  geometry  and  at  a 
specific  pressure  Is  dependent  only  on  the  factor 

M 

The  above  factor  can  be  calculated  for  the  calibration  conditions 
shown  In  Figure  17  to  be  3.2,  The  same  factor  can  be  calculated  for 
each  con'  ! <on  being  analyzed  for  experimental  studv  from  Tables  fi-10. 
By  ratio  these  value.^  to  the  above  value  a  pt.mplng  capability  can  b« 
established  for  each  test  condition  employing  the  calibrated  flow  rate 
of  O.l  SCFM  shown  in  Figure  17.  These  results  are  presented  In  Tables 
11-13  In  comparison  with  actual  gas  load  as  previously  determined. 


The  resulting  values  Indicate  a  need  to  reduce  flow  In  most  test 
cases;  however,  In  the  regions  of  most  Interest  (large  expansion  ratio 
and  near-optimum  mixture  ratio),  capability  and  calculated  gas  load  are 
closely  matched  for  the  assumed  flow  rate.  It,  therefore,  appears 
advisable  to  design  the  test  engine  for  a  nominal  flow  rate  of  0.1  gn/see 


Si 
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FIGURE  17.  CAPACITY  OF  ASTROSYSTF.MS  LARGE  DYNAMIC  VACUUM  FACILITY 
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TAT.LE  11 

CAPABILITY  OF  VACUUM  SYSTVIM  FOR  OXYGEN- HYDROGEN  GAS  AS  A 


FUNCTION 

OF  MIXTURE 

RATIO  AND 

EXPANSION  RATIO 

Case 

No. 

Expansion 

Ratio 

Gas 

Factor ( fg) 

Capability 

Factor 

Capability  Gas  Load 

of  Pumps  at  w=iO.  1  g/a 

» 

c 

{  T/M) 

f  ^  a  1  r 

'^SCFM 

^SCFM 

A 

1.0 

9.2 

2.9 

0. 29 

1.26 

2.0 

7.4 

T  '2 
-  •  J 

0.23 

o.Bo 

4.0 

6.3 

2.0 

0.  20 

0.69 

8.0 

5.^ 

1.7 

0. 17 

0.  44 

15.0 

4.9 

1.6 

0.  16 

0.35 

4o.o 

3.7 

1.2 

0.  12 

0.  20 

B 

1.0 

10,  2 

3.2 

0.  32 

1. 18 

2.0 

8.3 

2.6 

0,  26 

0.77 

4.0 

7.4 

2.3 

0.23 

0.62 

8.0 

6.6 

2. 1 

0.21 

0.49 

15.0 

6.0 

1.9 

0,  19 

o.4o 

4o.o 

4.9 

1.6 

0.  16 

0. 27 

C 

1.0 

9.5 

3.0 

0.30 

0.71 

2.0 

8.2 

2.6 

0.  26 

0,53 

4,0 

7.3 

2.3 

0.  23 

0.  42 

8.0 

6.6 

2.1 

0.  21 

0.35 

15.0 

6.1 

1.9 

0. 19 

0.29 

4o.o 

5.2 

1.6 

0. 16 

0.21 

D 

1.0 

8.4 

2.7 

0, 27 

0.  44 

2.0 

7.3 

2.3 

0.23 

0.34 

4.C 

6.6 

?.  1 

0.  21 

0.28 

8.0 

6.0 

1.9 

0. 19 

0. 23 

15.0 

5.5 

1.7 

0. 17 

o.i9 

4o.o 

4.8 

1.6 

0. 15 

0. 14 

*Case  A 

0/F  =  1.2, 

M  =  4.42 

B 

0/F  =  2.8, 

M  =  7.60 

C 

0/F  =  4.8, 

M  =  11.14 

D 

0/F  =.  7.9. 

M  =  15.40 

*>5 
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TKBLZ  12 

CAPABILITY  OF  VACUUM  SYSTEM  POR  OXYGEN  -  RP-1 


Case 

No. 

GAS  AS  A  FUNCTION  OF  MIXTURI:  RATIO 

AND  EXPANSION  RATIO 

Expansion 

Ratio 

Gas 

Factor(  f„) 

Capability 

Factor 

Capability 
of  Pumps 

Gas  Load 
at  VM5.1  g/s 

« 

c 

( T/M) ^/2 

^g/^air 

Qscfm 

Qscfm 

A 

1.0 

7.1 

2.  3 

.23 

0.65 

2.0 

5.9 

1.9 

.19 

0.45 

4.0 

5.4 

lc7 

.17 

0.37 

8.0 

4.9 

1.6 

.  16 

0.32 

15.0 

4.6 

1.5 

.  15 

0.27 

4o.o 

4.2 

1.3 

.  13 

0.22 

B 

1.0 

6.9 

2.2 

.22 

0.52 

2.0 

5.9 

1.9 

.19 

0.38 

4.0 

5.5 

1.7 

.17 

0.32 

8.0 

5.1 

1.6 

.16 

0.27 

15.0 

4.8 

1.5 

.15 

0.24 

4o.o 

4.2 

1.3 

.13 

0.19 

C 

1.0 

6.9 

2.2 

.22 

0.48 

2.0 

5.9 

1.9 

.19 

0.35 

4,0 

5.4 

1.7 

.17 

0.30 

8.0 

5.C 

1.6 

.16 

0.26 

15.0 

4.7 

1.5 

.15 

0.22 

4o.o 

4.2 

1.3 

.13 

0.18 

D 

1.0 

7.2 

2.3 

.23 

0.51 

2.0 

5.9 

1.9 

.19 

0.34 

4.0 

5.3 

1.7 

.17 

0.28 

8.0 

5.0 

1.  ' 

.16 

0.25 

15.0 

4.6 

1.5 

.15 

0,22 

40.0 

4.0 

1.3 

.13 

0.17 

*Ca»e  A  C/P  «  1.8o,  M 

B  0/P  -  2.35.  M 

C  0/F  -  2.65.  M 

D  O/F  -  3.10.  M 


19.23 

21.50 

22.45 

23.60 
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TABLE  13 


CAPABILITY  OF  VACUUM  SYSTEM  FOR  NgO^-UDMH  GAS 
AS  A  PJNCTION  OF  MIXTURE  RATIO  AIJI)  EXPANSION  RATIO 


Case 

Expansion 

Gas  Capability 

Capability 

Gas  Load 

No. 

Ratio 

FactorL^I 

Factor 

of  Pumps  at 

w=*0.1  g/s 

* 

c 

( T/U) 

^9/ “air 

^SCFM 

Qscfm 

A 

1.0 

6.9 

2.  2 

.22 

.63 

2.0 

5‘9 

1.9 

.46 

4.0 

5.2 

1.6 

.16 

.36 

8.0 

h.6 

1.8 

•15 

.28 

15. 0 

4.1 

1.3 

.13 

.22 

40.0 

3.^ 

1. 1 

.11 

.16 

B 

1.0 

6.8 

2.2 

.22 

.50 

2.0 

5.9 

1.9 

.19 

.38 

4.0 

5.3 

1.7 

.17 

.30 

8.0 

4.8 

1.5 

.15 

.25 

15.0 

4.3 

1.4 

.14 

.20 

4o.o 

3.7 

1.2 

.  12 

.15 

C 

1.0 

6.6 

2.1 

.21 

.47 

2.0 

5.9 

1.9 

.19 

.35 

4.0 

5.2 

1.6 

.16 

.28 

8.0 

4.7 

1.5 

.  i5 

.  22 

15.0 

4.3 

1.4 

.14 

.  19 

40.0 

3.7 

1.2 

.  12 

.14 

D 

1.0 

6.4 

2.0 

.  20 

.^3 

2.0 

5.7 

1.6 

.  18 

.33 

4.0 

5.1 

1.6 

.16 

.  27 

8.0 

4,5 

1.4 

.14 

.21 

15.0 

4.1 

1.3 

.13 

.  18 

40.0 

3.6 

i.i 

.11 

.13 

E 

1.0 

6.1 

1.9 

.19 

.40 

2.0 

5.3 

1.7 

.17 

.29 

4.0 

4.8 

1.8 

.15 

.24 

8.0 

4.3 

1.4 

.14 

.19 

15. 0 

3.9 

1.2 

.  12 

.  16 

40.0 

3.3 

1.0 

.  10 

.11 

♦Case  A  0/F  = 

1.5,  M  =:  18.68 

Case  D 

0/F  =  3.5,  M 

-  24.98 

B  0/F  - 

2.3,  M  =  22. oS 

E 

0/F  -  4.5,  M 

.  26.46 

C  0/F  =  2.75,M  =  23.38 
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and  daeraaaa  flow  rata  aa  i'vqulrad  to  ei^iidy  tha  raglcms  of  Iras  iataraat.. 

It  should  also  ba  notad  ihat  tha  nolacular  tftlght  of  tha  axhautt 
saaea  antarlnft  tha  diffusion  pui^s  ulll  not  ba  tha  aaaa  aa  that  laavini 
the  rocket  angina.  This  effect  adds  to  the  capability  of  tha  puaiping 
system  for  all  cases  of  oxyganrhydrogen  testing  and  aids  the  higher 
mixture  ratio  caaas  for  the  other  tvo  propellants.  It  vill  cause  a 
slight  decrease  In  capability  for  the  carbonaceous  propellants  when  tha 
relative  percentage  of  H2O  to  €(>2  exceeds  2.5:1,  Hence,  the  overall 
effect  supports  the  general  plan  of  designing  the  experimental  engine 
for  a  flow  rate  of  0>l  gm/sec  at  optimum  costditlons  and  reducing  flow 
at  points  well  off  optimn). 


B.  SIGNAL-TO-NOISE  RATIO 

The  radiant  intensities  detailed  in  Section  3.  Tables  6.  7  and  8  ver« 
baaed  on  a  flow  rate  of  O.I  gm/sec.  The  foregoing  rocket  engine  analysis 
versus  vacuum  test  capability  was  based  on  the  same  flow  rate*  Therefore,  a 
signal-to-noise  ratio  can  now  be  specified  by  employing  the  detector  capa>’ 
bilitles  detailed  in  Section  3.  Part  B. 

Table  lA  sumnarlzes  the  radiant  intenaitiet  at  the  primary  transitions 
of  the  major  radiating  species  In  the  ultraviolet'vlslble  region  of  the 
spectrum  and  the  dark  current  of  the  phototubes  which  ve  plan  to  use  in  these 
regions.  The  phototubes  selected  were  among  those  described  in  Section  3. 
and  were  chosen  from  those  currently  available  at  this  corporation  baaed  on 
their  applicability  to  the  detection  of  the  wavelengths  discussed  previously. 
Because  of  the  apparently  good  margin  of  detectability  (at  least  four  orders 
of  magnitude),  it  does  not  appear  to  be  necessary  to  select  more  specialised 
instrumentation  than  the  two  phototubes  noted  in  Ta^le  14.  The  EMI  tube 
appears  to  be  more  than  adequate  from  2800  to  5500  A  and  the  EMR  appeavs  to 
he  adequate  at  the  shorter  wavelengths  down  to  1450A.  The  sensitivity  values 
noted  for  these  phototubes  in  Table  14  were  taken  from  calibration  curves 
previously  conducted  at  this  corporation,  and  the  dark  current  specified  la 
an  actual  measured  value. 

In  the  infrared  the  noise-equivalent  oower  ratio  (KEP)  of  nolse-to-slgnal 
ratio,  for  the  comraon  lead  sulphide  cell  is  1.6  x  lO"**  at  2.7u  and  70*?  and 
1  X  10“®  at  4.3  microns  and  70*F.  This  sensitivity  will  suffice  for  the  de¬ 
tection  of  H2O  up  to  3.0u  where  intensity  is  at  lease  five  orders  of  magnituda 
greater  than  the  noise  ("ee  Table  8).  However,  for  the  detection  of  CO?  up 
CO  about  6. Op  an  uncooled  lead  selenide  detector  is  preferred,  this  will 
provide  a  signal-to-noise  ratio  of  at  laaat  two  orders  of  magnitude.  Infrared 
detectors  are  available  at  this  corporation. 


C.  SPECinCATION  OF  DESIGN  CRITERIA 

The  performance  characterlatica  of  aisiull  operational  rockat  anginas 
functioning  In  a  trua  space  environment  cemict  be  duplicated  even  In  very 
large  and  costly  space  simulation  chambers.  Practical  considerations. 
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cherefor*  dletaC*  that  conpronltaa  ba  mda  In  ordar  to  obtain  prallalnary  ln> 
formation  on  spaca  phanomsna  for  tha  purpose  of  eatabllshlnp  the  faaslbllltt 
of  concepts. 

1.  Enalna  Description  -  Over  a  period  of  several  years  Astrosystans  has 
developed  and  refined  a  technique  for  the  production  of  rocket  exhaust 
plumes  at  altitudes  up  to  350,000  ft.  This  technique  utilizes  the 
vacuum  system  described  In  Part  A  of  this  section  together  %rlth  miniature 
rocket  motors  operating  efficiently  with  exhaust  gas  flows  Into  the 
vacuum  systems  of  approximately  1.5  gms/sec  to  under  0.1  gms/sec. 

In  order  to  achieve  a  high  combustion  efficiency  (approximately  90Z 
of  theoretical  C*)  and  a  low  level  of  heat  loss  from  the  combustion 
products  to  the  chamber  wall,  the  rocket  motor  Is  operated  at  relatively 
high  propellant  flows  and  the  excess  combustion  gases,  exceeding  that 
of  the  vacuum  system  pumping  capability,  are  dumped  overboard  outside 
the  vacuum  tank.  Hence,  the  combustion  gases  vented  into  the  vacuum 
tank  are  representative  of  the  center  core  ombustion  region  and  are 
relatively  unaffected  by  the  flow  and  thermodynamic  conditions  at  the 
combustion  c’lamber  walls. 

Schematically  the  experimental  system  may  be  represented  as  shown 
In  Figure  IR.  From  this  figure  It  can  be  seen  that  various  parameters 
can  be  controlled.  The  propellant  pressurization  and  flow  controls 
together  with  the  Injector  pressure  drop  determine  the  total  propellant 
mass  flow  and  mixture  ratio.  The  plume  nozzle  throat  size  and  overboard 
bleed  orifice  size  determine  the  combustion  chamber  pressure  and  rela¬ 
tive  fraction  of  combustion  products  that  exhaust  to  the  vacuum  tank. 

The  pump  controls,  nitrogen  control  and  plume  exhaust  characteristics 
determine  the  pressure  (altitude)  In  the  vacuum  tank.  There  are  Inter¬ 
relations  among  the  various  available  controls,  and  not  all  of  them  arc 
necessarily  used  In  any  given  experiment. 

Figure  19  shows  a  typical  micro-rocket  with  overboard  bleed.  This 
motor  was  designed  for  preulx  Injection  of  gaseous  oxygen/RP-1  liquid 
hydrocarbon  fuel.  For  various  propellant  combinations  the  aft  Injector 
section  of  the  motor  Is  changed  using  the  same  bypass  and  nozzle  section. 
The  nozzles  are  retovable  so  that  various  sizes,  shapes  and  materials 
may  be  used. 

2.  Exhaust  Hozzle  Design  -  In  designing  the  model  rocket  nozzle,  con¬ 
sideration  was  given  to  simulation  of  full  scale  rocket  engine  nozzle 
exit  conditions  since  they  affect  measurements  made  by  the  aubject 
technique.  Since  the  spectroscopic  technique  for  monitoring  mixture 
ratio  la  dependent  upon  the  radiation  from  the  nozzle  exit  station, 
both  the  temperature  and  density  at  the  nozzle  exit  station  must  ba 
simulated  as  close  as  possible.  The  exhaust  temperature  In  microrocket 
engines  Is  somewhat  lower  than  the  corresponding  nozzle  exit  temperatures 
of  full  scale  rockets.  Thus  to  Increase  the  exhaust  temperatures  In  the 
model  rocket,  small  area  ratio  (c-*-!)  nozzles  have  been  considered  for 
this  program.  These  sonic  nozzles  will  maximize  the  radiation  intensity 
emitted  from  the  rocket  exhaust. 
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Figure  18.  Schematic  Rocket  Engine  -  Vacuum  Svstem 
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To  JeooDStrace  cho  ilnulatlon  of  the  other  Important  thenaodynaiif '* 
variable  In  the  model  rocket  exhaust  namelv:  density,  a  calculation 
was  made  coraparl!U'  the  sonic  nozzle  exit  density  with  that  of  the 
Tltar  II  second  stage  (c -49. 2)  which  is  comparable  to  the  apace  rocket 
engines  (e-AO)  being  considered  for  spectroscopic  monitoring. 

The  continuity  equation  for  the  conservation  of  mass  can  b*^  written: 

0  «  w/(Au)  (A. 9) 

Using  the  subscript  M  for  the  model  rocket  engine  and  the  subscript  II 
for  the  full  sci’-e  engine: 

Or  •  <^*1^) 

and 


Defining  the  ratio  a  as  the  relative  density  between  the  model  and  full 
scale  engines: 


/A  u 
r  r  r 


(A.ll) 


where  and  are  the  corresponding  relative  flow  rates,  exit 

areas  and  exit  velocities. 


The  flow  rate  wq  through  the  model  rocket  engine  at  the  simulated 
altitude  is  dictated  by  the  vacuum  tank  pumping  capability.  Using  the 
appropriate  values  for  the  Titan  II  second  stage  engine  (classified) 
and  the  model  rocket  sonic  nozzle  engine,  it  was  found  that  one  obtains 
equivalent  exit  densities  (o^»l)  for  a  sonic  nozzle  design  throat  (or 
exit)  diameter  of  ,066  inches  with  a  flow  rate  of  ,11  gm/sec.  The 
resulting  mass  density  at  the  nozzle  exit  in  both  the  full  scale  and 
model  rockets  is  then  1.5  x  10"^  Ibs/ft^.  One  should  note  that  for 
different  model  rocket  nozzle  throat  diameters,  directly  pro¬ 

portional  to  the  throat  diameter  squared,  i.e.,  is  proportional  to 
Che  sonic  nozzle  throat  or  exit  area. 

The  radiation  from  the  rocket  exhaust  however,  is  actually  dependent 
upon  the  number  density  N  and  not  the  mass  density  o.  Thus  the  factor 
Ny^/M  has  to  be  applied  to  p  to  obtain  N.  Since  Avogadro's  number  is  a 
constant  and  M  is  approximately  the  same  for  both  Che  full  scale  and 
mdel  rocket  engines,  the  total  number  density  N  will  be  equal  for  both 
engines  (N^-1).  The  value  for  the  total  number  density  is  1,85  x  10^^ 
particles/ft 

Thus,  in  conclusion,  the  naniber  density  at  the  nozzle  exhaust  %Alch 
is  an  important  parameter  in  the  calculation  of  radiation  Irtensities 
(for  the  case  of  optically  thin  and  optically  thick  radiation  sources) 
can  be  simulated  by  the  use  oi  the  converging  sonic  nozzle  for  wfiich 
these  calculations  were  made.  Baaed  upon  this  factor,  and  the  fact  that 
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th3  conic  nozflo  vlll  vanlnlce  radiation  Intensity,  it  was  decided  to 
use  this  type  of  nozzle  for  the  experimental  projtraai.  Typical  char* 
scteristics  of  a  sonic  nozzio  which  have  already  been  run  at  Astrosystems 
are  given  in  Table  IS. 

It  should  also  be  pointed  out  that  large  boundary  layers  exist  near 
the  exit  station  of  a  con*'»ntlonal  converging-diverging  microrocket 
engine  nozzle.  This  boundary  layer  buildup  causes  non-uniform  (para¬ 
bolic)  velocity  and  temperature  distributions  at  Che  e:tl  i  plane.  These 
viscous  effects  also  effect  the  rocket  plume  attucture.  Thus,  to 
eliminate  the  boundary  layer  buildup  on  the  diverging  section  of  the 
nozzle.  It  Is  of  further  advantage  to  utilize  converging  sonic  nozzles 
in  carrying  out  an  experimental  pre.^ram, 

3,  Convergent  Nozzle  Design  -  The  previous  analysis  was  conducted  to 
demonstrate  the  corr^ispondence  betwee  the  macroscopic  distribution  of 
energies  Ir.  the  full  scale  and  model  rocket  engines,  and  the  geometrical 
similarity  of  the  exhaust  gas  piurae  in  the  region  of  spectroscopic  ob¬ 
servation.  Since  the  thermodynamic  variables  affecting  the  radiation 
emitted  from  the  plume  are  coupled  with  the  dynamics  of  the  flow  field, 
one  would  like  to  ensure  that  the  distribution  between  the  internal 
energy  and  the  kinetic  energy  of  the  plumes  are  similar. 

The  Initial  lnclliia>.ion  angle  (Cj,)  of  the  )et  boundary  of  the  plume 
is  a  measure  of  the  ratio  between  these  two  energy  modes.  Thus  the 
following  analysis  was  «‘onducted  to  determine:  (1)  If  the  sonic  nozzle 
presently  being  considered  for  the  progr.m  actually  simulates  the  nlume 
energy  distribution  and  geometry  of  space  engines  (€*40/l)  in  the 
inmc'iilate  area  of  the  nozzle  exit  station  where  radiation  will  be  spec¬ 
troscopically  monitored,  and  to  detennine:  (2)  the  optimum  sonic  nozzle 
conve’'gpnce  half  angle  for  this  purpose. 

The  method  of  analysis  employed  Is  the  method  of  characteristics  for 
nc-y-reactlng  gases.  The  assumption  of  non-reacting  gases  is  valid  for 
both  the  microrocket  plume  end  the  full  scale  plume  in  the  immediate 
neighborhood  of  the  nozzle  exit  station  where  the  plumes  initial  In¬ 
clination  (spreading)  occurs,  since  the  fluid  dynamic  flow  time  from 
the  norrle  exit  station  to  th.e  point  at  which  the  initial  spreading 
takes  place  is  small. 

The  cnuatlon  used  here  to  demonstrate  simulation  of  inlllal  let 
boundary  inclination  angle  Is  basic  to  the  method  of  chsracterlstlcs  and 
if!  particular  to  the  Prandtl-Meyer  type  flow  considered.  For  this 
flow.  It  is  required  that  from  one  ootnt  to  another  In  the  flow  field, 
the  chuunge  in  flow  deflection  angle  (0)  must  be  equal  to  the  change  In 
the  Prsndt  i ‘-Meyer  function  (v);  thus: 

dG  •  dv,  or  (A. 12) 

0  2  -  0  J  “  '^2  "  ^  ; 

where  In  general: 
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TABLE  15 

SUMMARY  OF  NOZZLE  AND  PLUME  PARAMETERS 
_ FOR  TME  SONIC  NOZZLE 


Koatzle  Exhaust  Area  Ratio  g 

Nozzle  Type 

Exit  Diameter 

Exit  Angle  (Degrees) 

Throat  Diameter  (  ia) 

ChauT^er  Pressure  ( psia) 

Characteristic  Velocity  (  ft/sec) 

Flov,’  Rate  (gm/sec) 

Vacuum  Tank  Pressure  (microns) 

Overall  Pressure  Ratio 
( Chamber  Pressure/Vacuui.i  Tzmk  Pressure) 

Overall  Turning  Angle  ( degrees) 

Exit  Mach  Number 


1 

Converging  Sonic 

0.063/0.067 

-70 

.063/. 067 

42 

4920 
.  110 
.5/.  7 

5.8  x  10® /3. 7  X  10® 
145 
1 


Internal  Turning  Angle  (  degrees) 

External  Turning  Angle  ( degrees) 

Initial  Inclination  of  Jet  Boundary  (degrees) 
Radius  of  Initial  Portion  of  Jet  Boundary  (in) 
Burning  Time  ( Duration- sec. ) 


C*  /C* 


theor 


0/F  ( Np04-Aerorine) 


0 

145 

75 

1.48 

930/975 

90.3/92.6 

2.25/2.24 


AF7DL-lR-6i-l63 


V  -  tan-l  (m2-1)1/2 


<4.13) 


This  •quaClon  can  ba  darlvad  froa  tha  aquation  for  tha  ehan^  of  $p«ed 
acroaa  a  waak  obliqua  shock  (vhieh  in  tha  linlc  Is  a  Mach  li»a)i 


~  (m2-1)1/2  •  d9 
u 


by  daflnltlont 


u  •  rfl 


(4.14) 


(4.J5) 


(u  Is  tha  local  valocity  and  a  is  tha  local  sound  spaed)*  vhara  N  is 
given  by  the  Isantropic  relationship t 


*t2  , 

_£  »  -i-  •  I  + - m2 


(4.16) 


Differentiating*  one  finds  that: 

u  n  A  n  Z 


and  therefore, 


dQ  -  (1  +  ^  m2)  ^ 


Integrating  this  expression  gives: 


(4.U) 


(4.18) 


9,  .  fl.  .  y(^) iJJj  -  I  JJ' 

The  right-hand  side  of  the  above  equation  Is  defined  as  the  Prandtl- 
Mever  function  v. 


Thus* 

02  -  Oj  •  V2  -  vj 


where 


V  -  tan-1 


(4.20) 


(4.21) 


as  given  previously. 

For  the  problan  considered  here*  the  polntii  of  Interest  in  tha  flew 
field  are  the  nozzle  exit  station  (a)  serosa  which  the  flow  propartita 
are  assumed  to  be  uniform*  and  tha  let  boundary  (h;  of  tha  rocket  ax- 
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hautt  plume  where  Ic  is  justifiably  assumed  that  the  plume  static 
pressure  is  equal  to  the  local  ambient  atmospheric  pressure.  For  peiats 
between  the  exit  station  and  the  jet  boundary ,  the  above  procedure  is 
not  applicable  since  this  included  flow  field  is  not  a  simple  wave  flow 
field  but  is  Instead  a  region  of  wave  interaction  (non-simple  wave  flow). 
Unfortunately,  therefore,  the  above  procedure  cannot  be  applied  to  cal¬ 
culate  the  entire  plume  flow  field.  To  acccmplish  this,  a  digital 
computer  program  Is  required  which  can  calculate  the  plume  aerothenao- 
dynamics  from  the  input  conditions  at  the  nozzle  exit  station. 

In  applying  equation  (4.20)  to  the  problem  at  hand,  namely  deter¬ 
mining  the  sonic  nozzle  convergence  half  angle  Oe  required  for  simulation 
of  the  initial  plume  inclination  angle  Ob  of  a  full  scale  rocket  engine, 
the  following  equation  can  be  written  for  the  full  scale  rocket  engine! 

Oe  -  Ob  -  ve  -  vb  (4.22) 

or  Oe  -  Ob  +  ve  -  vb 

(For  a  bell  shaped  nozzle  Oe  ■  0). 

For  sonic  nozzle  model  rocket  engine  case,  Ve  is  zero  since  Me  *  1»  end 
hence: 

Oe  -  Ob  -  Vb  (4.23) 

The  following  considerations  have  to  be  made  in  determining  the 
initial  plume  inclination  angle  Oe  from  the  values  of  ve,  vb  and  Ob* 

Since  Oe  is  known  for  a  given  full  scale  rocket  nozzle  geometry  it  is 
only  necessary  to  determine  ve  and  vb  for  the  full  scale  rocket  plume. 
Since  V  *  f  (M,y)  it  Is  only  necessary  to  know  the  nozzle  exit  Mach 
number  Me*  the  ratio  of  specific  heats  Ye,  and  the  nlume  boundary  Mach 
number  The  quantities  Me  and  Ye  usually  known  for  a  given  full 

scale  rocket  nozzle  and  the  nlume  boundary  Mach  number  can  be  determined 
from  the  isentroplc  flow  ralationship: 

2  ^ 

«b  - 

where  is  the  total  pressure  in  the  isentroplc  flow  field  and  is  thus 
constant  throughout  the  plume  flow  field,  and  P  is  the  static  pressure 
at  the  nlume  boundary. 

Assuming  an  isentroplc  nozzle  flow,  the  total  pressure  in  the  flow 
field  is  the  combustion  chamber  pressure  (l.e.,  Py  -  Pc)*  'The 
static  pressure  at  the  ]et  boundary  Is  simply  the  local  ambient  ats»s- 
pherlc  pressure  (P«)  by  virtue  of  the  matching  of  the  boundary  condition 
that  fsust  be  imposed  at  the  plume  boundary.  This  is  necessarily  true 
when  a  supersonic  (or  sonic)  nozzle  exhausts  into  a  low  pressure  region 
as  the  exhaust  ]et  expands  until  the  pressure  along  the  jet  boundary 
adjusts  to  the  ambient  pressure.  With  these  equations  and  the  corres¬ 
ponding  assumptions  indicated,  the  following  calculations  were  carried 


“pt  n  ^ 

j 


/2 


(*  .24) 
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{‘‘tit,  utlnff  th«  procttdura  lndlc«t«d, 

CoaparlsoM  of  plume  initial  inclination  anitle  were  nada  batmaan  a 
hlfsh  area  ratio  nofcla  luch  as  that  enployed  on  the  aoeond  ataga  of  the 
Titan  II  aisaile  and  the  tonic  noazle  model  rocket  enginet  run  at  Aatro- 
aysteimi.  Uaing  the  equationa  given  prevloualy  the  initial  plume  inelin* 
atlon  angle  for  the  full  acale  rocket  Obn  can  be  calculated  uaing 
equation  (4.20).  Since  the  Titan  II  aecond  atage  employa  a  bell  nocile, 
th^  exit  angle  9*^  -  0,  Tt  la  for  the  full  acale  rocket  (H) 

-  (vb-vc)H  (4.25) 

where  vbD  ia  calculated  from  tha  value  of  the  preaaure  ratio  parameter 
P**/Pc  and  y,  and  vc|{  la  calculated  from  the  value  of  ch  arid  y. 

The  reaults  are  plotted  in  Figure  20  from  which  it  can  be  aeen  that 
the  relatlonahlp  between  Bbu  and  altitude  is  an  approximately  linear 
one  over  the  range  of  the  plot. 

The  aonic  convergence  half  angle  required  to  alimilate  or  produce 
thia  plume  inclination  angle  db^  at  the  nozzle  exit  station  ia  calculated 
uaing  equation  (4.23)  as  follows.  Since  **  1.  0.  and  thua: 

"  ®bM  "  '^bM  (4,26) 

where  9b^  •  9b|{  la  the  initial  plume  inclinationa  angle  to  be  reproduced 
as  ahovn  in  Figure  20.  The  value  of  vb^  ia  calculated  in  the  aame  wey 
as  Vb„;namely»  from  the  value  of  the  preaaure  ratio  parameter  and 

Y.  It  ahould  be  noted  that  the  rocket  chamber  pressure  of  the  full 
scale  engine  (c  ■  49.2)  ia  approximately  twenty  times  larger  than  the 
chamber  pressure  in  the  model  rocket  enqine. 

The  results  of  the  calculation  for  the  variation  of  sonic  nozzle 
convergence  half  angle  with  altitude  are  shown  in  Figure  21.  From  this 
figure  it  can  be  seen  that  the  sonic  nozzle  convergence  half  angle 
must  be  approximately  -75*  to  simulate  the  initial  pluiae  Inclination 
angle  over  the  range  of  altitude  between  150,000  and  350,000  feet  (and 
probably  higher).  Thus  one  nozzle  can  be  used  to  simulate  Che  pluam 
Jet  boundary  In  the  vicinity  of  the  nozzle  exit  station  where  spectro¬ 
scopic  measurements  are  observed.  This  simulation  implies  that  the 
distribution  of  thermal  and  kinetic  energy  at  the  rocket  exhaust,  which 
effecca  the  radiation  characteristics,  will  be  duplicated.  The  aumner 
in  which  the  energy  distribution  is  accounted  for  in  the  equation  used 
here  (40«/v)  can  be  seen  from  the  derivation  of  this  equation  which  was 
presented  previously. 

Comparative  calculationa  were  also  carried  out  for  "small**  area 
ratio  nozzles  (c  ■  8)  such  as  the  Titan  II  first  stage,  to  determine 
what  the  pluam  initial  inclination  angle  am!  the  necctaary  corresponding 
nozzle  convergence  half  angle  required  are  as  a  function  of  altitude. 

The  calculationa  were  carried  out  In  the  aame  manner  as  the  previous 
calculationa  for  the  Titan  II  second  stage.  The  results  for  0b  and  9« 
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Figure  21.  Sonic  Noitlo  Coinrcrgcnco  Half  Angle  Ae<7tilr«<f  to  Slaulate 
Initial  Flum  Bo;in<lary  Angle  va  Altitude 
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•r«  ihown  in  Figures  20  and  21  respectively. 


Pro&  Figure  ?0  It  can  be  seen  that  the  lower  expansion  rati*,  has  a 
f2uch  larger  Oj)  (on  the  order  of  30*)  as  would  be  expected,  since  the 
gases  have  not  been  accelerated  to  as  high  a  velocity  or  expanded  to  as 
low  a  tenperature  as  Is  the  case  with  the  higher  area  ratio  noszle.  The 
relationship  between  Ojj  and  altitude  fcr  c  ■■  R  Is  a,  aln  linear  as  was 
the  relationship  between  0b  and  altitude  for  c  -  49.2,  The  corresponding 
so.ilc  nozzle  convergence  half  angle  required  to  produce  the  values  of 
0b  shown  In  Figure  20,  for  c  -  8,  are  shown  In  Figure  21,  from  which  It 
can  be  seen  that  a  sonic  nozzle  with  0*  ■  -45*  Is  required. 


In  order  to  determine  if  simulation  of  the  Jet  boundary  Is  obtained, 
one  can  use  Latvala's  circular  arc  approximation  to  calculate  the  jet 
boundary  for  the  sonic  nozzle  from  the  following  equation: 


»/r.  -  1^77^753;;^ 


1/2 


(4.27) 


where  r^  ■  nozzle  exit  radius. 


(R/te)Y«i,4  can  be  deter^jlned  from  Figure  22  as  a  function  of  M*.  For 
the  sonic  nozzle  where  Ye  ■  value  of  (R/r^)  Is  38.4.  For  other 

values  of  v  the  value  of  38.4  Is  still  valid  since  setting  •  1  In 
equation  (4.27)  reduces  the  equation  to  (R/cg)  -  (^/re)^,! ,4 . 


Therefore,  the  circular  arc  plume  boundary  can  be  geometrically 
drawn  using  the  sketch  shown  in  the  upper  right  comer  of  Figure  22, 
using  the  value  of  R  given  above  and  the  value  of  Ob  calculated  given 
previously  in  Figure  20. 
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SECTION  5 

MIXTURE  RATIO  ANALYSIS 


TtM  objective  of  this  section  Is  the  detcmlnstlon  of  plusw  rsdlsnt  1b“ 
tensity  ss  s  function  of  mixture  ratio  and  the  applicability  of  acedlcg  to 
the  determination  of  mixture  ratio  by  spectroscopic  techniques.  Plume 
radiant  Intensity  as  a  function  of  mixture  ratio  vas  determined  by  programing 
the  pertinent  equations  previously  described  for  electronic  transition 
molecular  vibration  and  blackbody  Induced  radiation;  examples  of  experimental¬ 
ly  determined  variations  are  also  presented. 


A.  THEORETICAL  INTENSITY  VS  MIXTURE  RATIO 


The  calculations  of  the  rocket  exhaust  radiant  intensities  for  the  con¬ 
stituents  In  the  mlcrorocket  plumes  radiating  In  the  ultraviolet  region  of 
Che  optical  spectrum  have  been  completed  for  N2O4/UDMH  propellant.  The  data 
vaa  obtained  as  a  function  of  0/P  ratio  for  constant  chamber  (Pg  -  100  psla) 
and  exhaust  (Pg  ■  50  psla)  pressures,  for  a  sonic  nozzle,  assuming  frozen 
flow. 


The  nozzle  exhaust  species  considered  were  as  follows:  Cj,  CH,  OH,  CO, 
NO,  NH,  CN  and  CHO.  The  f  values,  or  oscillator  strengths,  for  several  of 
the  species  (NO,  CO,  NH  and  CHO)  were  not  available  and  therefore  assumed.' 
Many  bands  were  considered  for  each  specie  so  as  to  determine  the  most  intense 
band  system  for  the  species.  In  some  cases  many  such  bands  wre  considered, 
as  In  the  case  of  NO  (34  bands);  In  such  cases  the  data  for  the  isore  Intense 
bands  are  presented.  All  of  the  Intensities  presented  are  given  per  unit 
path  length  (In  cm)  In  watts/cra^-ster.  To  convert  the  values  given  to  the 
Intensities  emitted  by  mlcrorocket  exhaust,  one  must  multiply  this  value  by 
the  plume  thickness  (''»  2  cm). 

The  results  obtained  for  Cj  indicated  a  null  Intensity  for  all  bands  In 
all  cases  run.  This  was  found  to  be  due  to  the  limitations  of  the  digital 
computer  In  handling  the  value  e“*  as  x  becomes  large.  Tl>ls  Is  presently 
being  corrected  by  breaking  the  exponential  up  Into  two  parts  namely; 
e-a  .  g-b^  where  a  +  b  -  x. 

The  data  obtained  for  the  CH  molecule  at  4315. 3A  (shown  In  Figure  23) 
Indicated  almost  a  linear  relationship  betmen  the  Intensity  (I)  and  the 
mixture  ratio  (0/F).  The  value  of  the  slope  of  the  line,  l.e.,  S  -  dI/d(0/F), 
which  gives  an  Indication  of  the  sensitivity  of  the  radiant  Intensity  I  to 
the  0/F  ratio,  was  4  x  10“*°.  Two  other  CH  bands  were  calculated  and  showed 
the  saise  linear  relatlonshlo  (Figures  24  and  25).  The  corresponding  S  values 
for  these  band  wavelengths  (3889. 2A  and  3145. aX)  are  1  x  10~*°  and  1.67  x  10"** 
respectively.  The  percent  change  (decrease)  In  Intensltv  from  the  peak  In- 
tensltv  value  over  the  range  of  mixture  ratios  considered  are;  702  for  the 
4315. 3X  band  (peak  intensltv  of  2.12  x  10"*°),  702  for  the  3889,21  hand  (peak 
Intensity  of  5.9  x  10"**)  and  772  for  the  3145. aA  band  (peak  Intensity 
8.7  x  10"*2). 
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Figure  23.  Theoretical  Intensity  of  CH  4315.3A  ve 
Mixture  Ratio  for  N^O^/UDIW 
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igure  2^.  Thootet^cal  Intensity  of  CH  ^89. 2A  va 
Mixture  Ratio  for  N-04,/UDMH 
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TS'MS  KH  2»iecule  *t  235i1.8X  cll'"iplays  the  sane  characteristic*  at  the  CM 
asslacuU  nasaely  a  linear  relationship  between  I  and  0/F  ratio  with  I  de- 
cr*tt*inR  with  ittcreaftns  0/F  aa  can  be  seen  in  . iRure  26.  The  peak  intensitT 
tor  the  ?'H  molecule  radiating  at  this  wavelength  is  4.5  x  10-^  watta/cn^-ster. 
This  Intenaitv  dccieases  vith  increasing  0/F  ratio  to  a  value  at  approximately 
75%  of  the  peak  Intensity  at  0/F  of  2.2!.  The  value  of  the  slope  (or  sensi¬ 
tivity)  S  is  3  X  10-^. 

Intensities  obtained  for  the  CO  molecule  at  2455.5  and  2453. bX,  the 
latter  intensity  running  about  5%  lower  over  the  range  of  0/F  ratios  con¬ 
sidered,  are  shown  in  Figure  27.  In  both  cases  the  Intensity  remained 
relatively  constant  over  the  range  1.R5  0/F  <  2.0  and  decreased  over  the 

r$nge  2.0  ^  0/F  <  2,25  to  approximately  75%  of  the  peak  intensity  of 
1,08  X  10“^  watts/cm^-ster  (for  2455. 5A).  It  should  be  noted  that  these  value* 
are  based  upon  the  assumed  value  of  the  oscillation  strength  f. 

Radiation  Intensities  were  calculated  at  five  different  wsvelcngtha  for 
the  CHO  molecule  and  are  presented  in  Figure  28.  The  curves  followed  the 
eame  trend  as  those  obtained  for  CH  and  NK,  l.e.,  decreasing  Intensity  with 
0/F  ratio,  however  at  the  lower  wavelengths  (higher  Intensiti j)  the  curves 
exhibit  a  bit  more  non’ Inearity .  The  peak  Intensity  of  the  most  intense  band 
(3108. 2.A)  was  5.9  x  IC*®  watts/cm®-ster.  The  Intensity  dropped  off  to 
approximately  58%  of  this  value  at  0/F  -  2.25.  S  was  approximately  6  x  10-'^, 
and  decreased  to  4  x  10“^  at  the  lower  intensity  bands. 

The  CN  molecule  radiant  Intensities  were  obtained  for  eight  different 
wavelengths  four  of  which  (the  most  Intanse)  are  presented  In  Figure  29.  The 
most  Intense  emitting  wavelength  was  3876. 3A  the  peak  value  for  which  is 
6.8  X  10”^  wat ts/cm^-ster.  The  four  peak  Intensities  were  within  75  percent 
of  one  another.  The  general  trend  shown  is  similar  to  that  displayed  by  the 
CHO  molecule  (namely  I  is  inversely  proportional  to  0/F  ratio)  with  the 
exception  that  the  slope  decreases  with  increasing  0/F  retlo  for  the  CN 
molecule,  whereas  the  slope  increases  with  increasing  0/F  ratio  for  the  CHO 
molecule.  The  percent  decrease  In  I  over  the  0/F  range  considered  was  59 
percent  for  the  3876. 3X  band.  The  value  of  S  for  this  band  was  1  x  10“  . 

Radiation  due  to  the  NO  tnolecule  at  nine  different  wavelengths  (of  the 
34  calculated)  arc  presented  in  Figure  30.  The  highest  intensity  occurring 
at  the  lowest  wavelength  2362. rA.  All  nine  curves  are  similar^  the  magnitude 
of  the  Intensity  Increasir,;;  with  increasing  mlvture  ratio.  The  salient 
feature  of  these  results  is  that  NO  Is  the  onlv  snecle  disnlaylng  this  char- 
acterlEtlr  other  than  the  OH  molecule.  This  trend  is  influenced  by  the  role 
the  absorption  factor  plays  in  the  intensity  value.  The  ivitenalty  Increased 
(nearly  doubled)  from  the  value  at  0/F  -  1.85  to  the  peak  Intensity  of 
1.65  X  10“®  watts/cm^-ster  at  0/F  -  2.25  (stolchioraetrv) .  The  shape  of  the 
curve  Indicate!  that  the  peak  Intenaitv  is  not  reached  at  stoichiometric 
0/F.  The  curves  are  seen  to  be  sllghtiv  nonlinear.  The  snread  in  l.itenslty 
from  the  most  intense  to  the  least  Intense  of  the  nine  bands  presented  here 
Is  approximately  one  order  of  magnitude. 

Values  were  obtained  for  the  Oh.  molecule  from  tie  computer  program  de*- 
cribed.  However,  the  cotnputer  program  does  not  consider  absorption  which 
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Figure  26.  Theoretical  Intensity  of  NH  3358 ve 
Mixture  Ratio  for  Na04A®MH 
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pl«yt  «  l«rg«  part  In  tha  radiant  Intanaity  aalttad  by  thia  apaela  in  tha  UV. 
Tba  self  abaorptlon  Is  hifdi  and  thus  these  values  oust  be  decreased  by  the 
factor  where  t  Is  the  optical  thickness  calculated  froa  the  absorption 

coefficient  (Kv)  and  the  pluoe  thickness  (1).  That  Is,  the  equations  pro- 
graaased  were  derived  assuaing  an  optically  thin  honogeneous  source.  The 
radiation  Intensity  for  this  honogeneous  thin  radiation  source  Is  proportional 
to  the  thickness  of  the  radiating  layer.  For  a  homogeneous  source  where 
absorption  becomes  Important,  the  radiation  Intensity  la  dependent  upon  the 
absorption  factor  sr‘^/4v  where  t  Is  the  optical  thickness  of  the  radiating 
source.  For  a  thick  radiator  approaching  blackbodv  emission  the  radiation 
Is  Independent  of  the  thickness  and  Is  given  by: 


Bv 


2hv^ 

C2 


ehV/KT-i 


Since  the  self  absorption  for  the  OH  molecule  Is  high.  It  will  radiate  as  a 
blackbody  at  the  corresponding  eidtaust  temperature  T,  and  therefore  the 
equation  above  was  used  to  calculate  the  spectral  blackbody  OH  Intensities 
In  addition  to  the  computer  program. 

The  values  shown  In  Figure  31  are  uncorrected  for  absorption.  The  trend 
of  I  vs  0/F  ratio  Is  similar  to  that  of  the  NO  bands.  When  absorption  Is 
taken  Into  account  In  the  blackbodv  calculations,  the  shane  of  the  curves 
and  their  trend  change  as  shown  In  Figure  32  since  each  point  on  the  curve 
represents  a  different  set  of  rocket  engine  exhaust  conditions.  The  In¬ 
tensity  Is  seen  to  peak  at  1.5  x  10“®  for  3064X  and  for  all  three  bands  at 
0/F  -  2.05,  decreasing  slightly  (8?)  with  increasing  or  decreasing  0/F  ratio. 
The  f  value  was  assumed  for  the  OH  band  radiating  at  2602X. 

The  results  of  all  bands  presented  are  aunsnarlred  In  Table  16,  which 
give  the  radiant  Intensities  emitted  bv  the  specie  Indicated,  at  the  wave¬ 
length  Indicated  and  over  the  range  of  mixture  ratios  considered  for  the 
N2O4/UDMH  propellant  system. 


B.  EXPERIMENTAL  INTENSITY  VS  MIXTURE  RATIO 

Data  prevlouslv  obtained  at  Astrosvstems  has  been  correlated  to  desDn- 
strate  the  effects  of  0/F  ratio  variation  on  radiation  Intensity  for  several 
propellant  combinations.  These  data  are  presented  In  Figures  33-42  and 
suoauirlzed  In  Table  17. 

Figures  33  and  34  show  the  relationship  between  0/F  and  I  for  LO2/RF-I 
propellant  at  215,000  and  110,000  feet  respectively.  Note  that  the  inten¬ 
sities  peak  before  the  stoichiometric  0/F  ratio  of  3.4  la  reached.  The  scan 
(IOOO-5OO0X)  at  the  lower  altitude  produced  Intensities  on  the  order  of  500 
times  the  Intensity  of  the  28llX  OH  band  at  215,000  feet.  This  altitude 
effict  was  not  observed  with  LO2/N1I5  propellant  for  the  281lX  OH  band,  as 
can  be  seen  from  the  data  presented  In  Figure  35. 

The  relationship  of  spectral  emission  Intensity  to  mixture  ratio,  for 
aach  of  three  radiating  molecules,  was  atudled  at  tbre»»  .iltltudcs.  TV 


Intensity  ( watts/cm^-ster) 
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TABLE  16 

SUHMART  OP  N20,,/in»fH  SPECIES 
UDIANT  INTEIfSITIES  VS  HirtURE  RATIO 


Sptcl* 

X(A) 

Peak  I 

Slep«(S) 

CH 

4315.3 

2.32  X  lO”^® 

— 

30 

-4  X  10-*® 

(fH 

3358.8 

4.50  X  10“® 

75 

-3  X  10-* 

CO 

?455.5 

1.08  X  10- 

75 

- 

3108.2 

5.90  X  10*® 

58 

-6  X  10"^ 

CN 

3876.3 

6.80  X  10-^ 

59 

X  1  -• 

NO 

2362.8 

i 

1.65  X  10-5 

32 

♦2  X  13-5 

OH 

\ 

} 

! 

3064.0 

1.50  X  10-® 

i _ 

94 

- 

B6 


(wattf*/Rter) 
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Mixture  Ratio  (O/F  o.w. J 


(watts/ster) 
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neuPE  36 

ASSOyjTE  IHTENSm  OF  3100  X  OH 
VS.  0/F  RATIO  FOR  THREE  ALTITUDES 


0/F  Ratio 


raicrcwatts/millimii 
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atts/milli 
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FIGURE  38 

AKOU/IE  IWIDBITY  OF  H700  %  Cj 
VS.  0/F  RATIO  FOR  TWEE  AUniTJEES 
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radlatlni  aDlMulM  laclud|d  imt*  (W.  CH,  aad  Cj  at  th*  Ml«ct«d  ^rlnelM^ 
vtwlcQftha  of  3I0qX,  4300a  nd  4700iA,  roopoetlooly.  For  tho  OH  aoloetilo  It 
eon  bo  •oon  froa  Flxuro  36  that  tho  oodatlon  Intofniey  ineroMoo  vlth  in* 
crooalng  0/F  ratio  (2  1  0/F  1  3)  In  a  olallar  aannor  at  all  throo  altltudoa 
tastod,  and  aooaa  to  poak  at  0/F  ■  3.0.  Tho  oaisslon  Intonalty  froa  tho  CR 
aoleculo  at  4300X  (shown  in  Figure  37)  Indlcatos  a  doflnlto  poak  in  Intonslty 
at  all  throo  altitudes  tostod.  Tho  Intonslty  peaks  at  lower  0/F  ratios  with 
Increasing  altitude.  Tho  difference  In  Intensities  between  the  lower  and 
higher  altitudes  la  otse  order  of  aagnltudo.  Also,  absolute  intensities  of 
the  C2  aoleculo  at  4700X  is  shown  as  a  function  of  alxture  ratio  in  Figure  38. 

For  O2/H2  propellant  (at  3075X)  the  radiation  intensity  peaked  at  0/F 
ratios  hif^er  (>  9.0)  than  the  stoichloaetric  value  of  7.94,  at  altitude of 
80,000  and  136,000  foot  (see  Figures  39^41) .  Figure  42  Is  a  coaparlson  of 
the  pluae  radiant  intensities  for  two  propellants  (O2/RP  and  O2/NH3)  as  a 
function  of  propellant  alxture  ratio  at  an  altitude  of  213,000  feet. 


C.  APPLICABILITY  OF  SEEDING 

In  a  practical  case  if  seeding  of  a  bipropellant  liquid  engine  were 
pemlceed,  indopendenc  Identification  of  oxidizer  and  fuel  flow  rates  could 
be  slapllfled  soewvhat.  Such  seeding  need  not  be  deleterious  to  rocket  engine 
performance  asruaing  small  aiaounts  (<  II)  were  employed  and  the  seeding  in¬ 
gredients  were  In  themselves  active  oxidizers  and  fuels. 

A  good  exsteple  of  active  seeding  coapounds  arc  lithium  nitrate  and 
trlaethylboratc.  Trlaethylborate  ( trine thoxyborine)  BfOCH]))  Is  a  colorless 
liquid,  coaaercially  available,  n.p.-29*C,  b.p.  68.7*C  and  alsclble  with  all 
propellant  fuels.  Ihe  characteristic  green  enlsslon  bands  of  boron  occur  at 
4715,  4930,  4930  and  518qX.  Llthliss  nitrate  (LIN’O^)  Is  soluble  In  aianv 
organic  and  inorganic  liquids  and  notably  In  N2O4.  The  sensitivity  of  flame 
ealsslon  of  llthlm  Is  about  1000  tlnies  that  of  boron,  so  chat  a  much  lower 
concentration  of  tracer  in  the  oxidizer  will  be  sufficient.  The  character¬ 
istic  red  (mission  bands  of  llthlua  occur  at  6104  and  6708A. 

The  admixture  of  ttt«  tagging  compounds  can  always  be  kept  at  a  constant 
fraction  of  the  taggfi  substance;  hence,  the  intensity  of  the  total  flasm  will 
be  related  to  the  I’^tensltles  of  the  characteristic  green  or  red  emission  ov 
Che  tracers.  Therefore,  it  seems  nossible  to  discriminate  between  a  change 
In  alxture  ratio  and  an  accoaranylng  change  in  flow  rate  of  both  propellants. 

As  a  practical  aacter,  the  signait  developed  by  the  tracer!  could  be 
handled  aa  follow* . 

The  redleCion  froa  the  nluac  before  being  detected  bv  ahoto- 
cells  would  be  filtered  (Wretten  Filter  Mo.  29,  dominant 
transmitted  wavelength  ^t  bjlbX  and  Uratten  Flitter  Mo  38A 
dominant  transmitted  wave  ength  at  47^9X)  to  seaarate  fuel 
contributio.i  and  oxidizer  contribution  to  the  flaam  emiaslon. 
Seoaratlor  could  alao  b'  effected  bv  a  high  efflclencv  dlchroie 
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coating  (Llborty  Mirror  Divlalon,  Llbb«T-Owena-Ford  Cla|t  Co., 

No.  90*720)  which  has  a  reflection  of  122  at  5000A  and  912 
at  6'»00A  and  a  trananlaalon  of  832  at  5000A  and  of  82  at  670QA. 
This  aysteiB  li  awch  r»re  stable  than  a  gelatine  Wratten  filter. 

The  voltage  signals  fro*  the  two  photocells  with  »he  separated  emission 
responses  would  then  be  coiapared  In  a  balanced  circuit  and  the  unbalanced 
signal  would  Indicate  the  deviation  of  the  mixture  ^atlo  from  the  normal 
balance. 
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SECriOM  6 

EXIT  PLANE  GAS  TEMPERATUEE  ANALYSIS 


Monitoring  of  rockot  oxhauota  can  ba  of  great  valua  in  datacting  angina 
partial  failuraa  on  malfunctiona  such  as  valve  inaccuracies,  combustion  in¬ 
stability,  conbustion  chamber  erosion  (oxidation),  etc*  Changes  in  mixture 
ratio  occasioned  by  such  failures.  Which  are  not  necessarily,  although  isost 
probably  accompanied  by  changes  in  flow  rate  (v),  can  be  detected  by  spectro¬ 
scopic  means.  This  technique,  however,  requires  complete  knowledge  of  how 
0/F  ratio  effects  the  combustion  chamber  temperature,  which  in  turn  affects 
the  exhaust  temperature.  The  latter  in  turn  affects  the  radiation  intensity 
and  possibly  the  type  of  radiation  chat  will  be  emitted  fror:  the  plume.  The 
following  paragraphs  of  this  report  erolore  the  Interdependency  of  these 
variables,  and  present  a  method  for  determining  exit  plane  gas  temperature. 


A.  TEMPERATURE  VS  MIXTURE  RATIO 

The  effects  and  sensitivity  of  changes  in  0/F  to  changes  in  nozzle  exit 
exhaust  temperature  have  been  analyzed  (in  order  to  be  able  to  determine  the 
relationship  between  0/F  and  I)  for  three  propellant  combinations  and  a  rocket 
engine  nozzle  with  an  expansion  ratio  of  forty  to  one  (c*40).  These  results 
are  presented  in  Figures  43-45,  from  which  it  can  be  seen  chat  the  exhaust 
gas  temperature  increases  with  0/F  ratio  until  the  stoichiometric  0/F  ratio 
is  reached.  Upon  further  increase  in  0/F  ratio  the  exhaust  gas  temperature 
decreases.  From  examination  of  the  applicable  radiation  equations,  Che 
effects  of  changes  in  0/F  ratio  upon  Che  radiation  intensity  emitted  from  the 
rocket  exhaust  can  be  attributed  to  the  effects  of  changes  in  exhaust  temp¬ 
erature  and  number  density.  These  functional  relationships  between  the 
nozzle  exit  plane  temperature  and  number  density  on  radiation  intensity  are 
given  in  the  following  paragraphs  of  this  section. 


B.  FLOW  RATE  VS  RADIATION  INTENSITY 

The  effect  of  changes  in  flow  rate  on  the  radiation  intensity  (which  will 
ulclisaculy  be  monitored)  is  in  essence  a  different  problem  than  detecting 
changes  in  0/F  ratio  (which  may  ramain  unchanged  during  either  a  simultaneous 
Increase  or  decrease  in  both  w^  and  wf).  That  is  changes  in  0/F  ratio  are 
predominantly  radiation  temperature  effects  on  intensity,  whereas  changes  in 
flow  rate  primarily  produce  a  number  density  effect.  This  can  be  llluatraCed 
as  follow:]. 

The  mass  flow  of  rocket  propellant  into  the  rocket  engine  combustion 
chamber  must  equal  the  mass  flow  of  the  exhaust  gases  out  of  the  rocket 
nozzle  exit  station.  That  is,  the  law  of  conaervation  of  mass  must  apply, 
and  the  equation  of  continuity  is  applicable  for  analysis  of  the  desired 
effects.  This  equation  can  be  written  for  the  flow  at  the  nozzle  exit 
station  aa  follows: 


ion 
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VlRur«  44*  OxyRcn  -  RP-l  Cxli^utt  Caa  Temperature  aa  a  Inunction  of  Mixture  rtailo  for  an  Expanaion 
Ratio  of  c  •  40,  50  paia 


0/F  Ratio 
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vh«r«i  0g  axlt  danfity 
Ag  «  exit  area 
■  exit  valoclty 

and 


a  o 


<•.!) 


(6.2) 


For  a  given  rocket  angina  and  nocsla  geonatry  A^  is  fimd,  and,  tharafora, 
a  changa  in  Vp  Is  reflected  by  corresponding  changes  in  p«  ^e* 

Thus,  it  is  certainly  obvious  that  the  mass  flov  rate  0  is  directly 
proportional  to  the  nozzle  exit  mass  density.  In  turn  mass  density  p  is 
proportional  to  the  total  number  density  (>'!)  of  the  exhaust  by  a  factor  of 
Avogadro's  nun^er  VN4)  and  the  average  molecular  weight  of  the  exhaust  gases 
(M),  l.e.j 

N  -  pN./il  (6.3) 

A 

Since  we  do  not  have  a  blackbody  situation  (the  rocket  exhaust  is  not  a 
blackbody  radiator),  one  must  consider  the  individual  specie  number  densities 
of  all  of  the  exhaust  gas  constituents,  as  these  constituents  all  radiate  at 
different  wavelengths  with  different  intensities.  These  specie  number  den* 
slties  can  te  determined  as  follows: 

^1  "  ‘’i  ^A^^l  (6. A) 

where  can  bo  determined  from  the  equation  of  state: 

p,  -  P,M,/(R  T^)  (6.5) 

i  11  e 

In  the  five  equations  above,  R  is  the^universal  gas  constant,  is  the 
equilibrium  exhaust  gas  temperature,  is  the  specie  molecular  weight,  and 
is  the  partial  pressure  of  specie  i.  The  latter  is  determined  from 
Dalton's  Lav  of  partial  pressures  from  the  known  species  mole  fractions. 
Therefore,  it  has  been  shown  that  changes  In  the  flow  rate  6,  arc  propor¬ 
tional  to  changes  In  number  density  of  the  emitting  exhaust  gas  constituents, 
which  are  In  turn  proportional  to  changes  in  radiant  intensity  emitted  from 
the  exhaust  gas. 

Having  determined  the  effect  of  0/F  ratio  and  w  changes  on  exhaust  gas 
temperature  and  constituent  number  densities,  one  can  then  determine  the 
overall  effect  of  0/F  and  w  on  radiant  intensity  based  upon  calculations  such 
as  those  presented  previously.  Having  done  this,  one  is  in  a  position  to 
determine  changes  In  0/F  ratio  by  measuring  or  monitoring  the  radiation 
intensities  of  different  (the  moat  sensitive)  emitting  species,  perhaps  using 
the  insensitive  species  as  a  reference. 


104 


AFFDL-TR-64-163 


C.  MDCTUKE  RATIO  VS  FLOtf  RATE 


The  relatlonehlp  between  0/F  ratio  end  flow  rate  for  a  rodcat  engine 
operating  under  constant  cosd>ustlon  chasber  and  notale  exit  pressure  eon* 
dltlons  has  been  examined.  This  was  done  to  demonstrate  how  simultaneous 
changes  In  0/F  ratio  and  flow  rate  might  produce  constant  pressure  eendltlons 
In  the  chamber  and  exit  station  which  might  go  undetected  by  pressure  trans* 
ducers  and  other  types  of  pressure  instrumentation.  This  phenomena  could 
occur  when  0/F  ratio  goes  off  stoichiometric  (such  as  att  Increase  In  w^^) 
thereby  causing  a  decrease  In  combustion  chamber  temperature.  Ht^wever,  since 
the  flow  rate  has  Increased,  the  chamber  pressure  may  remain  constant  as  can 
be  seen  from  the  following  equation: 


P 

c 


C*/(gAj.)  w 


(6.6) 


for  a  given  engine  nozsle  with  throat  area  A^. 

The  propellant  combination  chosen  to  demonstrate  this  effect  was 
N2O4/UDMH.  The  nozele  exit  pressure  for  these  calculations  was  2  pala. 
The  0/F  ratios  considered  were  2.3,  2.3  and  3.1.  The  chamber  pressures  con* 
sldered  were  10,  20  and  40  psla.  The  nozzle  exit  conditions  produced  by 
different  0/F  ratios  (for  a  constant  combustion  chamber  pressure)  were  cal* 
culated  using  an  existing  therrochemlcal  computer  program  i^lch  yields  s 
output  data  the  values  of  Te,  A^Mc  and  Ue.  The  flow  rate  corresponding 
to  these  engine  operating  parameters  was  calculated  as  follows: 


w  ■  0  A  U 
e  e  e  e 


where: 

0. 


P  PM 

e  e  e 

«■■■  ■  m  — 

RT  R  T 

e  e 


or 


V 


P  M  U  A 
e  e  e  e 

RT 


For  any  given  throat  area  A^: 


w  P  M  U 

-  .76 


.  7a  (A  /AJ 


R  T 


e  t 


(6.7) 


(6.3) 


(6.9) 


(6.10) 


where  Pg  Is  an  atm  M^  in  Ib/lb  mole.  U,,  in  ft/sec,  R  "  1545  ft  lbf/lb»-*l, 
is  In  *K  and  Wp/A^.  Is  in  Ibm/sac-ft  . 

Since  the  quantities  on  the  right-hand  side  of  equation  (6.10)  are  all 
output  ,,uancltles  of  the  available  computer  program,  the  values  for  f'p/A^ 
were  calculated  as  a  function  of  0/F  ratio  for  constant  P^,.  (These  flow 
rates  could  also  have  been  calculated  from  the  combustion  chamber  conditions 
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using  ths  squationt 

■  t  %  <R/y'".  (».u) 

Tha  raaults  of  this  calculation  arc  glran  In  Plguraa  46-48  for  ehambar 
prassuras  of  10,  20  and  40  psla.  It  can  ba  soon  fron  thasa  figures  that 
the  relationship  batvaan  0/F  ratio  and  6  for  a  given  rocket  angina  nostla 
configuration  and  a  given  chanbar  pressure.  Is  a  linear  one.  Also,  It  Is 
shown  that  tha  sensitivity  of  changes  In  0/P  ratio  to  changes  in  flew  rate, 
decreases  as  the  chaaber  pressure  Is  Increased. 

Thus  It  has  been  shown  that  It  may  be  necessary  to  nonltor  conditions 
at  the  exhaust  rather  than  In  the  conbustlon  to  determine  changes  In  0/F 
ratio. 


D.  GAS  TEMPERATURE  MEASUREMENT 


0ns  swthod  suggested  for  the  attainment  of  rocket  engine  gas  temperature 
Is  based  on  the  ratio  of  two  emission  band  Intensities  in  the  exhaust  gasee. 
This  method  Is,  therefore,  independent  of  engine  Qlze,  chamber  pressure,  area 
ratio,  etc.  Temperature  information  is  obtained  by  means  of  the  following 
expression: 


11  .  ,<ErBl)/W 

12 


(6.12) 


where: 

ll  and  I2  are  the  intensities  of  transition  1  and  2,  respectively. 

P]^  and  P2  are  the  respective  transition  probabilities  (Including  the 

statistical  weight  factors). 

vj  and  V2  are  the  wave  nuibbers. 

Ej  and  E2  are  the  transition  energies. 

k  is  Boltsmann's  constant. 

T  Is  the  absolute  temperature. 

Relative  Intensity  data  for  certain  lines,  e.g.t  OH,  CH,  RH,  Ci,  etc 
emission  will  be  determined  bv  the  monitoring  optical  svstemi  transition 
probabilities  are  known  from  wave  mechanics  tables  of  statistical  weights, 
etc  and  wave  numbers  and  transition  energies  are  known  to  high  accuracy 
fror  laboratory  experlswnts  over  the  last  50  years. 
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FlRure  46.  Mixture  Ratio  vs  Flow  Rate 


AFFOL-W-?i4-l«3 


lOR 


o 


Figure  A7*  Mixture  Ratio  va  flow  Rate 
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SECTION  7 

MALmCTIOM  MONITORING 


The  previous  sections  on  mixture  ratio  monltorlnR  and  exhaust  gas  teisp- 
erature  effects  covered  the  various  kinds  of  radiation  changes  which  will 
occur  due  to  upstream  malfunctions  In  the  propellant  supply  and  feed  svstena. 
This  section  will,  therefore,  be  confined  to  those  malfunctions  which  can 
occur  In  the  combustion  chamber  and  exhaust  nozzle;  nanelv,  combustion  In¬ 
stability  »r.d  chamber  burnout. 


A.  COMBUSTION  INSTABILITY 

A  considerable  amount  of  open  literature  exists  on  the  subject  of  rocket 
engine  combustion  instability  (see  for  example  Reference  12).  In  general, 
however,  it  can  be  said  that  instability  Is  influenced  by  rocket  engine  chamber 
pressure,  injector  pressure  drop  engine  characteristic  length,  operating 
r.ixture  ratio  and  length  of  propellant  lines.  Past  studlec  have  shown  th, 
two  basic  types  of  instability  can  occur:  one  at  relatlyely  high  frcfiuc..^. cs 
(screeching)  and  one  at  relatively  low  frequencies  (chugging).  The  former 
type  Is  generally  vissoclatcd  with  large  engines  and  Is  primarily  a  function 
of  engine  geometry.  It  Is  characterized  by  the  failure  of  exhaust  temperature 
to  follow  fluctuations  In  combustion  temperature.  The  latter  type  Is  more 
general  In  nature  and  is  largely  dependent  upon  the  parameters  previously 
ncted.  Our  concern,  therefore,  will  be  with  the  chugging  tvpe  of  Instability. 

Assuming  that  the  chemical  processes  In  stable  and  chugging  rocket  flames 
are  the  same,  the  Intensity  of  the  electromagnetic  radiators  from  such  flames 
must  be  dependent  upon  flame  pressure  and  temperature.  Hence,  anv  fluctuation 
In  either  the  combustion  or  exhaust  gas  p'essure  and  temperature  should  In¬ 
fluence  the  corresponding  radiation  Intensity,  (Past  theoretical  and  empiri¬ 
cal  studies  support  the  relationship  of  temperature  fluctuations  In  the 
chamber  to  corresponding  fluctuations  In  the  exhaust  for  chugging  Instability^**). 
Fluctuations,  however,  can  be  caused  bv  three  generalized  factors,  viz: 
oscillations  in  the  gas  dynamic  flow,  turbulence  in  the  expanding  gases  and 
afterburning  of  fuel-rich  rocket  exhaust  products  with  ambient  air.  Both 
turbulence  and  afterburning  arc  difficult  nhencmena  to  characterize,  and  the 
absence  of  literature  on  these  subjects,  especial Iv  with  regard  to  radiation 
Intensity  variations,  makes  their  analysis  difficult.  It  Is,  therefore, 
preparable  to  study  the  Influence  of  chugging  oscillations  In  Hnuld  propel¬ 
lant  rockets  arising  from  gas  dynamic  flow  fluctuations  only. 

In  order  to  r  ^mlnajc  considerations  of  turbulence  and  afterburning  from 
model  rocket  engine  studies,  two  conditions  must  be  met,  viz:  tests  must  be 
conducted  in  a  vacuum  environment  and  nozzle  size  should  be  small  enough  to 
insure  laminar  flow.  Turbulent  flow  in  a  rocket  exhaust  Is  characterized  by 
mean  particle  velocities  upon  which  Is  Impost'd  a  random  fluctuating  velocity. 

This  latter  component  can  be  minimized  bv  the  attainment  of  nozzle  design 
conditions  which  will  Insure  a  Reynolds  number  consistent  with  a  laminar  flow 
regime  (Rg  <  20^3)*^.  Figure  4R  presents  the  relationship  of  rocket  engine 
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Figure  49.  Rocket  F.nelne  Flow  Rate  and  Chamber  Presaure  vs 
Norsle  Reynolds  Number 


flcv  r«t«  af»d  chaiaber  pre'iiure  to  !Uivr<o)<{a  ^tJ^rabe*"  fcr  $m«ll  systaaa.  It  can 
be  »e,;n  tnat  the  enal '.ea  previously  recorcwnded  for  testinjt  (ir  «  O.l  fsi/aec 
and  Pg  <  lUO  psia)  will  provide  flow.*  withla  the  laminar  region.  Teatlng  at 
ftrHil&ted  high  altitudes  (vacuum),  of  course.  Insures  the  absence  of  after¬ 
burning,  but  In  adJltlon  also  serves  to  preserve  the  laminar  flow  pattern 
setup  in  the  rocket  not/^le. 

Some  experimental  studies  have  been  conducted  with  combustion  devices 
to  Investigate  the  general  area  of  radiation  fluctuations  as  a  function  of 
chafnber  pressure  variation.  Of  the  more  pertinent  empirical  work  In  this 
area,  the  most  expensive  Is  that  reported  bv  R,  A.  Houndry  ct  al^^.  During 
the  course  of  this  program,  experimental  studies  were  conducted  with  a  ''tunnel” 
burner,  spherical  combustion  vessel  and  small  scale  rocket  motor.  The  former 
device  Is  essentially  a  pulsed  combustor  which  acts  acoustical  very  much  like 
an  pipe.  It  was  selected  for  test  because  of  Its  simple  construction, 

adaptability  to  alteration  of  fundamental  vibration  frequencies,  inherently 
high  combustion  rates  and  high  attainable  acoustic  noise  levels.  Tl>e  co?t>- 
bustion  vessel  whlcri  consists  of  an  easily  vented  gas  reaction  sphere  was 
selected  to  eliminate  the  variables  of  rocket  engine  design  that  could  influ¬ 
ence  the  Irstabllitv  mode. 

The  tunnel  burner  employed  for  these  ti-sts  was  25  mm  I!)  by  1.9  trnn  wall 
thickness,  and  the  length  relative  to  the  gas  entrance  nolnt  was  variable  to 
permit  alteration  of  resonance  frequency.  Combustion  was  attained  by  rhe 
ignition  of  air  with  ethylene  or  acetylene.  Ultraviolet  and  visible  radiation 
emissions  were  mcnltored  by  unflltered  photomultipliers  of  RCA  Tynes  1P?1  and 
IP28  through  slits  which  limited  the  detector  field  of  view.  The  PM  tube 
signal  was  fed  to  an  AC  voltmeter  which  indic-ited  average  power  of  the 
radiation  modulation  and  to  a  T->ktronlx  scope  which  provided  signal  level, 
percent  modulation  and  wave  form.  Infrared  radiation  was  monitored  bv  a  PbS 
detector  In  a  similar  manner.  All  tests  we»‘fi  conducted  under  sea  level 
standard  temperature-pressure  condition^  (SLSTP) . 

Results  shoved  that  the  UV,  visible  and  IR  signals  were  essentially  the 
same  Indicating  a  DC  component  with  as  ftiuch  as  50  percent  AC  modulation. 

The  wave  form  picture  presented  a  regular  series  of  pulses  equivalent  to  the 
resonant  operating  freiruency  of  the  tube.  Scans  taken  downstream  of  the 
nozzle  in  the  UV  showed  maximum  Intensity  at  a  point  approxlmatelv  2-1/2 
inches  from  the  tube  exit  nlane  with  some  afterburning  emission  starting  10 
inche  .  downstream.  The  latter  emission  was,  as  expected,  stronglv  dependent 
on  mixture  ratio.  The  intens.tv  measured  in  the  UV  for  afterburning  was 
aoout  one  order  of  magnitude  less  than  that  obtained  near  the  exit  which 
result  is  in  line  with  the  lower  energy  s*-ate  of  this  reaction.  Comparable 
infrared  measurements  mav  have  shown  a  higher  relative  intensity  level. 

The  pressure  vessel  consisted  of  a  heavy  walled  four  liter  sphere  with 
a  fast  acting  valve.  A  combustible  mixture  of  oxvgen  and  ethylene  was 
introduced  Into  the  vessel,  Isolated,  sparked  and  expanded  through  a  noztle. 

All  tests  were  again  conducted  at  SLSTP  conditions.  Supersonic  flow  was 
attained  In  the  jet  as  evidenced  by  a  shock  zone  I  to  2  cm  downstream  of  the 
nozzle  exit  nlane.  Afterburning  on  the  average  was  visible  commencing  15  cm 
downstream  and  for  a  total  distance  of  10  cm  although  the  incidence  of 
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af tc rburnlnj?  vas  dependent  on  the  let  temperature.  A  pressure  transducer  vas 
used  to  tacasure  vessel  pressure  and  emission  of  the  flame  In  the  UV.  Visible 
and  IR  uas  observed  by  a  1P28  PM  tube  and  a  PbS  detector  both  of  which  w’ere 
remitted  to  view  the  entire  flame  over  their  full  ranjte  of  sensitivity. 
Acoustic  measurements  were  made  with  a  coodensor  microphone.  A  dual  beam 
scope  equipped  with  a  35  mm  camera  was  employed  to  record  radiation  and 
acoustic  slRnals. 

Results  Indicated  marked  dependency  of  radiation  Intansltv  on  after- 
bumlp}?  and  no  correlation  between  vessel  pressure  and  radiation  si^tal 
mcdulacion.  The  modulation  frequency  of  the  UV  radiallon  with  afterburning 
was  found  to  be  about  700  cps ;  without  afterburning  a  higher  frequenc*' 
component  'about  2000  cps)  was  noted.  No  conclusions  were  drawn  from  this 
work. 


The  rocket  motor  tests  were  conducted  with  an  alr/erhylene  svstem  of 
approximately  3  lbs  thrust  exhausting  Into  air  at  SLSTP  conditions.  Measure¬ 
ments  were  again  made  In  the  UV,  visible  and  IR  spectral  regions  In  conjunctlcn 
with  chamber  pressure  and  acoustic  pressure  fluctuation  tneasurements.  The 
data  was  stored  on  magnetic  tape,  transferred  to  oscillographic  recordings 
and  also  fed  to  a  power  spectrum  analvzer. 

The  results  of  these  tests  were  generally  Inconsistent  especially  con¬ 
cerning  plume  radiation.  IR  detectors  viewing  the  Interior  of  the  combustion 
chamber  through  an  optical  window  were  able  to  follow  Pj.,  Tc  fluctuations 
without  difficulty.  However,  In  the  exit  plane  the  IR  and  UV  results  were 
not  comparable  and  only  the  IR  showed  Intermittent  correlation  with  the 
chamber  pressure  fluctuations.  In  general  the  IR  fluctuations  were  more 
rapid  f’e  the  exit  plane  than  for  the  plume  in  its  entirety.  Regarding  the 
UV  however,  it  should  be  noted  that  different  PM  tubes  viewing  the  same 
evc!it  did  provide  signals  of  similar  characteristics  thereby  increasing  the 
reliability  of  that  portion  of  the  spectral  data. 

Ir  retrospect  It  can  be  said  that  given  the  well  tested  premise  that 
follows  Tj.  in  chugginp.  combustion,  the  radiation  pattern  In  the  exhaust 
jet  must  reflect  this  Trudulatlon  unless  acted  upon  bv  other  forces  which  tend 
to  dampen  or  diminish  this  correspondence.  Such  factors  were  of  course 
uresent  in  the  previously  discussed  tests,  and  seem,  without  exception,  to 
be  chargable  with  the  failure  of  these  tests  to  produce  the  desired  corres¬ 
pondence.  This  is  not  to  say,  however,  that  afterburning  and  turbulence 
were  unequivocally  that  cause,  but  nothing  in  the  results  can  dispute  this 
premise.  It  therefore  follows  that  tests  under  space  conditions  should 
provide  more  meaningful  results. 

The  best  type  of  rocket  engine  one  could  employ  to  studv  the  phenomena 
of  chugging  combustion  Is  a  gas/gas  svstem  which  operates  within  a  fairlv 
narrow  combustible  zone.  It  Is  known  from  past  work  on  engines  of  this  tvpe 
at  this  corporation,  that  operation  on  the  fringe  of  the  combustible  zone 
will  give  rise  to  chugging  Instabllltv,  and  that  this  tvne  of  chugging  Is 
controllable  m  r'-mc  degree  as  regards  frequenev  hv  vernier  adjustitent  of 
the  mixture  -ctlo.  The  ouLiimnn  propellant  svstem  has  been  found  to  he  an 
fllr/hvdrocarbon  gas  (for  example:  propane).  Bv  Injecting  the  air  longl- 
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t'ldlnalW  Into  the  ch«?**>er  and  the  fuel  tari^entlallv,  (tood  iBtxlnft  la  aaaured; 
ami  In  addition,  the  fuel  *er*res  to  provide  a  cooling  thermal  layer  between 
the  combustion  core  and  the  chamber  Inner  wall  as  shown  In  ^Ijture  ^0.  Hence, 
the  combustion  chamber  can  be  constructed  of  a  relatlvelv  soft  metal  such  as 
6061  aluminum.  Ignition  would  be  effected  by  a  snark  pIur. 


B.  CHAMBER  BURNOUT 

The  erosive  burnlnf?  of  metal  parts  of  the  combustion  chamber  or  nozzle 
will  introduce  new  molecular  species  Into  the  exhaust  plume.  These  species 
will  consist  primarily  of  the  oxides  of  various  metals  all  of  which  Renerally 
radiate  strongly  in  the  visible  region  of  the  spectrun  when  acting  as  discrete 
emitters  rather  than  at  those  regions  of  Interest  for  mixture  ratio  monitoring. 
Typical  band  spectra  wavelengths  for  discretely  emitting  metallic  oxides  of 
chamber  and  nozzle  structural  materials  are  shown  in  Table  18.  Band  emission 
spectra  can  be  expected  to  arise  in  combustion  flames  when  the  concentration 
of  such  Impurities  is  very  low,  and  should,  therefore,  serve  to  indicate  the 
initial  Incidence  of  failure.  As  the  burnout  progresses  however,  the  flame 
will  tend  to  t«ik-  on  an  Incandescent  character  causing  it  to  act  like  a  black- 
bed  v. 


In  the  latter  case  Che  radiation  that  can  be  expected  from  a  luminous 
flame  depend*;  upon  several  factors  regarding  the  nature  of  the  incandescent 
particles  suspended  therein,  including:  their  concentration,  unit  size, 
radiative  properties  and  aboorpti”e  nrccortlc^.  T!ic  Kuiission  characteri siic* 
of  the  luminous  tlanes  can  oe  closely  determined  from  the  nrocedure  outlined 
in  Reference  17,  but  it  Is  antlclnated  that  malfunction  based  on  blackbody 
conslderatloiis  will  not  be  useful  in  preventing  extensive  upstream  damage. 

If  the  flame  has  already  taken  on  a  luminous  character,  it  can  be  assumed 
chat  burnout  has  progressed  to  destructive  proportions.  Hence,  detection 
should  be  based  upon  the  abllltv  to  Identify  the  discretely  emitting  oxide 
bands . 

The  oxide  bands  of  interest  In  this  studv  could  exist  at  relatively  low 
levels  even  duiiag  normal  engine  operation  since  a  certain  amount  of  erosive 
burning  may  always  occur  In  particular  rocket  engine  configurations.  This 
is  probably  more  noticeable  li  a  radiation  cooled  engine  than  in  a  regener- 
atlvcly  cooled  engine,  and,  of  course,  is  certainly  true  in  an  ablative 
erjglne.  In  fact  the  ablative  type  may  have  to  be  monitored  bv  total  emission 
considerations  rather  than  the  discrete  banded  amission  characteristics. 

In  either  of  the  aix<ve  cases  a  minimum  level  of  emission  indicative  of 
allowable  erosion  can  be  established  empirically  and  applied  practically 
through  th?  use  of  minimum  band-pas s-mlnl mum  Intensity  filters.  Such 
8,'lectlve  filters  can  be  chosen  to  Isolate  particular  high  intensity  bands 
ci;aractfcrlstlc  of  certain  metallic  oxides  depending  upon  the  construction 
material  used.  Where  the  nozzle  and  chamber  are  of  different  materials, 
sequential  filtering  will  distinguish  nozzle  erosion  from  hamber  erosion. 

The  radiation  changes  during  the  inltlntlon  of  a  destructive  erosion  of  the 
chamber  or  nozzle  should  be  sufficiently  large  compared  to  normal  operation 
that  gross  nuartitativc  tneasuremert  will  be  n»  re  than  adequate  to  distinguish 
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TYPICAL  BAND  SPECTRA  OF  REACTED  ROCKET  COMBUSTION 
_ CHAMBER  STRUCTURAL  CONSTITUENTS 
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Refractories  Beryllium  Oxide  BeO  4180-5476,  6118-11235 

Silicon  Oxide  SiO  2177-2925 

(SiO.) 

Zirconium  Oxide  ZcO  2940-3052,  3390-3981,  4470-4850 

( Zro*)  5456-6070,  5439-6996 


the  ahnornmi  cc,ri<Jltl''n.  The  cuauJatlve,  normal,  i^nlocallied  eroaion  over  an 
extended  tlrae  could  also  conceivably  be  measured  bv  Intefratine  the  Inten- 
sltv-tlne  relationship,  Sophia t 1 cated  electronic  systems  for  this  purpose 
have  been  developed  for  inertial  guidance  of  missiles  and  submarines  in 
which  the  integrati  n  of  acceleratlor>-t ime  is  monitored  with  extreme  accuracy. 

There  would  appear  to  be  no  advantage  in  the  use  of  signal  coatings 
However,  where  coatings  are  applied  to  the  chamber  for  thenaal  protection, 
the  appear,  nee  of  base  metal  oxides  in  the  exhaust  flame  would  be  an  indi¬ 
cation  of  a  more  severe  condition  than  metal  erosion  in  the  uncoated 
situation.  These  effects  would  be  very  dependent  on  the  '.-.Inds  of  coatings, 
their  thickness,  the  asxjunt  of  normal  nlcrocracklng,  etc,  and  would  h.ive  to 
be  evaluated  for  each  specific  case.  A  soectroradlometer  svstem  designed  bv 
Block  Associates  appears  to  be  very  suitable  for  the  purpose  of  monitoring 
malfunctions.  In  this  unit  four  filters  and  a  calibration  source  are 
eequentiallv  Inserted  In  front  of  the  detector  with  a  0.9  second  cvcle.  The 
design,  intended  for  space  opeiatlon  in  the  original  concent,  is  llghcwelght 
and  comp.ict,  shock  and  vibration  resistant. 

The  same  system,  that  monitors  chamber  and  nozzle  erosion  could  a’ so 
identify  propellant  contamination  '’ue  to  storage  corrosion.  If  the  tankage 
is  of  a  sufilclentlv  different  material  from  that  of  the  chamber  and  nozzle, 
one  of  the  four  filters  could  be  used  to  isolate  the  characteristic 
radiation  of  this  item.  If  the  materl.ils  are  cssentlallv  the  sane,  propel¬ 
lant  contamination  should  still  be  distinguishable  since  It  will  bo  a 
gradual  cumulative  phenomena  compared  to  the  mure  sudden  occurrence  of 
chamber  and  norzle  erosion.  Aealn  these  effects  must  of  course  be  considered 
relatl.e  to  the  normal  operating  condiciv^ns  since  there  mav  alvavs  be  iot?>e 
contribution  to  the  radiation  from  pronellant  Impurities. 
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SECTION  8 

FLIGHT  SYSTEM  ANALYSIS 


To  achieve  minlBiun  weight  and  size  aa  well  aa  high  reliability,  a  flight 
veralon  performance  monitoring  ayatem  ahould  not  ref^ulre  a  aeannlng  apectro- 
photometer.  Instead  a  almple  light  collimating  ayatem  viewing  a  preselected 
region  of  the  rocket  plume  would  tranamit  the  collected  radiation  by  means 
of  suitable  lenses  and  mirrors  to  photodetectors  whose  wavelengths  scnsltl- 
vltlea  (aa  determined  by  the  nature  of  the  photosensitive  surface  and  Inter¬ 
posed  filters)  would  be  restricted  to  the  specific  spectral  regions  of 
interest. 

Aa  discussed  elsewhere  in  this  report,  the  emission  of  various  bands 
and/or  the  ratio  of  the  intensities  of  various  emission  bands  are  smooth 
single  valued  functions  of  mixture  ratio,  the  particular  bands  of  interest 
being  determined  by  the  propellant  system.  The  use  of  intensity  ratios  has 
two  distinct  advantages:  first,  the  sensitivity  can  be  magnified  since  one 
of  the  two  selected  wavelengths  may  Increase  while  the  other  decreases  with 
changing  mixture  ratio;  secondly,  overall  changes  in  absolute  Intensity  or 
instrumental  sensitivity  which  may  effect  all  wavelengths  will  be  substan¬ 
tially  cancelled. 

Another  method  having  somewhat  similar  advantages  is  the  measurement  of 
the  energy  difference  between  two  selected  radiation  bands.  This  method  la 
particularly  attractive  since  direct  measuring  differential  phototubes  such 
as  the  No.  5652  have  been  developed^®.  This  type  of  phototube  differs  from 
conventional  types  in  that  it  has  two  photosensitive  plates  within  a  single 
envelope  as  illustrated  in  Figure  51.  Both  plates  emit  electrons  whe  i  Irradl-^ 
ated  but  either  plate  may  act  aa  anode  or  cathode  depending  on  the  relative 
energy  Incident  on  the  plates. 

When  an  illumination  differencial  exists  between  the  plates  of  a  differ¬ 
ential  phototube,  the  emitted  electrons  create  differing  space  charge 
densities  which  cause  DC  current  to  flow  between  the  two  plates  when  they 
are  connected  by  a  bias  resistor.  The  polarity  and  magnitude  of  this  current 
IS  a  function  of  the  radiant  energy  differential.  A  phototube  of  this  type 
can,  therefore,  serve  the  purpose  of  two  conventional  phototubes  with  the 
added  advantage  of  requiring  only  a  single  load  resistor*  This  will  Increase 
the  reliability  of  the  system  by  reducing  the  number  of  components, 
particularly  the  high-value  load  resistors  which  may  be  subject  to  changing 
characteristics  on  aging. 

The  use  of  selective  filtering  with  a  differential  phototube  la  lllua- 
treted  in  Figure  52.  The  choice  of  the  two  filters  gives  s  combined  spectral 
response  characteristic  In  two  separate  wavelength  regions.  In  using  such 
characteristics  for  mixture  ratio  monitoring,  the  output  voltage  across  the 
load  resistance  would  be  nulled  out  In  the  recording  Instrument  so  that  a 
zero  voltage  la  seen  for  the  design  operating  conditions,  and  readings  of 
plus  or  minus  voltage  would  measure  the  off-design  excursion*  This  type  of 
readout  would  be  particularly  suited  to  automatic  control  of  the  mixture 
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r«tlo  with  fervo-drlven  flow  controller#. 

Many  varieties  of  readout  Instrument#  have  been  developed  for  nlaalle 
and  #pacc  apnl Ications.  A  partlcularlv  attractive  eIer.tro!T«tor  haa  bean 
developed  recently  bv  the  A.polled  Physics  Laboratory  unde’*  a  NASA  contract". 
This  Instrument  was  redeslfpied  ftom  a  icboratorv  tvnc  unit  as  an  off-the-shelf 
low  current  measurlns  device  for  general  nurpose  use  In  satellite  expcrlt rnta. 
The  Instrument  weighs  2.4  pounds,  has  a  volume  of  36  cubic  inches  and  requires 
one  watt  of  power.  Its  detection  sensltivitv  of  10"^^  amperes  with  an  accuracy 
of  i  17.  I"*  adequate  for  tneasurina  the  anticipated  output  of  phototubes 
measuring  rocket  plume  emissions.  A  ruirtlcular  design  feature  Is  temperature 
compensation  and  stability  over  lonr  dtiration  s.atelllte  missions. 

The  present  extensive  interest  In  solid  state  materials,  lasers,  masers, 
photoconductance  and  radiation  ■^asurenents  has  provided  an  almost  unlimited 
variety  of  photosensitive  m  cci .  Is,  p.  ototuhes,  crystalline  optics  and 
filters  covering  a  wide  ^iCet roaiar  iotlc  spectrum.  All  these  devices  are 
relatively  small  cud  llgh'cv;eip,ht .  Lven  the  more  complex  detectors  reoulring 
cooling  for  increased  s' r.nal-to-nol'.e  efficiency  might  be  considered  in 
those  situation';  whore  cryogenic  ,>rooel Lints  are  on  board  the  vehicle  or 
the  detector  could  be  einersed  In  space-cold  temperatures. 
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SECTTON  9 

CONCUfSZOeiS  AND  RECOMKEK’SAnOHS 


As  a  rasttlS  of  this  study  cooductsd  to  datamlne  tfw  f«aall>fllty  of  da* 
tactlnit  aalssloB  si»actra  in  the  exhaust  strem  of  a  roekat  angina  as  a 
tseasure  of  various  propulsion  systea  characteristics,  the  follaving  conelts* 
ions  can  be  stated: 

A.  It  appears  feasible  to  detect  snail  changes  In  mlxtura  ratio  and 
propellants  flov  rate  by  changes  in  plume  emission  and  to  datact  the 
onset  of  combustion  chamber  malfunction  (burnout  or  Instability). 

B.  The  propellants  selected  for  theoretical  analyaia  vere  LO2/LH2, 
L02/RP-1  and  N2O4/UDMK  as  being  most  representative  of  current  and 
near-future  liquid  propellant  flight  svstems. 

C.  Representative  plume  intensity  calculations  shoved  that  the  species 
of  interest  could  be  readily  detected  by  available  laboratory  instru¬ 
ments  (UV,  visible  and  IR). 

A  rocket  engine  of  flow  rate  0.1  gm/sec  and  chamber  prassura 
50-100  pala  was  found  to  be  compatible  vich  both  the  available  vacuum 
test  facility,  and  current  instrumentation  capabilities. 

E.  The  species  showing  the  greatest  variation  Intensity  as  a  function 
of  mixture  ratio  were  CH,  CHO  and  CK;  NO  and  OH  were  also  of  Interest 
because  of  their  positive  slope  characteristics  as  opposed  to  the 
preceding. 

F.  In  examining  the  problem  of  total  flow  rate  changes.  It  was 
determined  that  intensity  is  a  direct  linear  function  of  flov  rata 
(for  constant  0/P)  while  mixture  ratio  is  generally  nonllnaar. 

These  effects  can,  therefore,  be  separated.  Hence,  mixture  ratio 
and  flow  race  can  be  measured  by  this  technique. 

G.  Combustion  instability  mav  be  detected  Hy  frequenej  monitoring 
of  fluctuations  In  exhaust  gas  radiation  intensity  when  observed 
under  conditions  of  simulated  high  altitude. 

Hv  ft  appear*  to  be  feasible  to  monitor  incipient  bunrou*^  by 
detecting  the  Intensity  of  characteristic  metal  oxides  in  the 
exhaust  stream  and  to  detect  contamination  by  monitoring  the 
cralealon  of  certain  Impurities  If  known  to  exist  to  some  oegrBi. 
in  Che  propellants. 

I.  Flight  systems  can  probably  be  developed  from  currentl/ 
available  components  which  will  assure  lightweight  anu  small  stss. 
Complex  dual-signal  phototubes  are  now  available  for  direct  signal 
comparison  if  this  approach  Is  found  to  be  advisable. 
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Based  on  the  above  conclusions,  It  is  recosnsended  that: 

An  experimental  program  be  conducted  with  an  engine  of  the  slse 
noted  above  using  NjO^/UDMH  propellants.  These  prooellants  are 
recommended  since  they  are  most  renresent stive  of  snace  engines  and 
produce  ali  of  the  significant  species  occurring  In  the  three  propellant 
systems  studied. 

2.  The  species  of  malor  interest  In  the  recornnended  test  orogram 
ohould  be:  OK,  CH,  CHO  and  CN  (UV) ;  C2  (visible)  and  H^O,  COjfiR). 

One  or  more  of  the  above  occur  in  each  of  the  three  propellant 
combinations  studied  and  their  mole  fractions  var’  with  mixture  ratio 
In  a  similar  manner  In  all  cases. 

3.  It  Is  recommended  that  tests  be  conducted  to  determine  experimentally 
the  variation  of  each  of  the  above  species  with  mixture  ratio  (at  con¬ 
stant  flow)  and  with  total  flow  rate  (at  constant  mixture,  ratio). 

A.  Since  a  number  of  bands  are  recommended  for  studv  (seven),  laboratory 
Instrumentation  (spectrometers  capable  of  scanning  a  large  segment  of 
the  optical  spectrum)  should  be  employed  rather  than  discrete  measuring 
devices,  e.g, ;  filter  phototubes. 

5.  It  Is  r»coromended  that  tests  designed  to  study  combustion  instability, 
indolent  burnout  and  propellant  Impurities  be  conducted  with  a  :^as/gas 
engine  of  simple  construction  to  simplify  the  conduct  of  such  tests. 

6.  Based  on  the  above  test  results,  It  Is  recommended  that  a 
’’breadboard"  detector  of  discrete  capability  be  designed  foi  prototype 
future  tests. 
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APPENDIX  A 

SAMPLE  CALCULATION  PROM  THERMOaiEMlCAL  PROGRAM 
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COKPUTER  PROGRAMS  FOR  UV  AND  IR  RADIAKCY  CALCDLATItWS 
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